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ABSTRACT 
This thesis reports experimental and theoretical studies of the laminar burning velocity 
of liquefied petroleum gas (LPG) measured using the constant volume bomb method. 
The test rig designed at Loughborough University was a rigid and spherical chamber 
with central ignition. The LPG gas used in this study is a mixture of propane and 
n-butane with volume percentage of n-butane ranging from 0 to 100. The laminar 
burning velocities of the LPG/air mixtures have been determined over a range of 
equivalence ratios (0.7 to 1.4), unburnt gas pressures and temperatures (0.5 to 37 bar 
and 293 to 530 K respectively). 
With the measured pressure/time history in the constant volume combustion chamber, a 
new combustion model, which was developed based on a commonly used two-zone 
combustion model, was used to determine the laminar burning velocity. To obtain a 
more accurate value of the laminar burning velocity, the assumptions in the two-zone 
combustion model were analysed, and two effects were considered in the new 
combustion model, i.e. the effect of flame thickness and the effect of temperature 
gradient in the burnt gas zone. 
To examine the constant volume bomb method and the new combustion model, the 
experiments for methane/air mixtures were also carried out. The experimental results 
determined using the new combustion model were extrapolated back to 298 K and 1 bar 
(or latm) using a trendline method, and have been compared with previously published 
data obtained using different techniques. 
For LPG gas, the dependencies of the laminar burning velocity on pressure, 
temperature, equivalence ratio and diluents level are presented using a empirical 
general equation. To verify the applicability of the form of the diluents term in the 
empirical general equation, the experiments for stoichiometric propane/diluents/air and 
n-butane/diluents/air mixtures were also carried out. Twelve coefficients in the general 
empirical equation were determined using a least square regression technique. A 
selection rule of burnt gas non-dimensional radius was used to simplify the selection of 
the experimental data used in the least square regression calculation. The advantages of 
this selection rule were discussed. 
The results of LPG gas based on the general empirical equation were compared with 
both the experimental data obtained using the trendline method and the published data 
of propane/air and n-butane/air mixtures. The effect of n-butane (regarded as a diluents 
in the LPG gas) was discussed. The advantages and limitations of the constant volume 
bomb method and the new combustion model were examined and their further 
improvement were discussed. 
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Chapter 1 Introduction 
Chapter 1 
Introduction 
1.1 Background and objectives ofthis study 
Lack of oil resources and pollution problems caused by the combustion of oil derived 
products have aroused international concern, this is particularly true for the pollution 
produced from the exhaust gases from automobiles. Due to these issues, more and more 
countries have started to use liquefied petroleum gas (i.e. LPG) as an alternative fuel for 
future automobiles. There are over six million LPG cars in 2003 throughout the world. 
In the UK, LPG cars are popular for the reason of its only half price of gasoline. In 2003, 
there were approximately 120000 LPG cars in the UK (,,0.5 percent of all UK cars), 
and the number is increasing rapidly with the increasing price of gasoline [source from 
LPG association]. Compared with the traditional spark ignited engine fuels, gasoline, 
the gaseous LPG can be mixed with air homogeneously before the fuel/air mixture 
enters the cylinder of the internal combustion engine. It also has a higher burning 
velocity and burnt gas temperature compared to the gasoline which means there is a 
more complete combustion process inside the internal combustion engine. These 
factors lead to better performance of the engine and improve economy of the 
automobile, and most important of all, there is a reduction in some of the main 
poisonous pollutants in the exhaust gas of the automobile, e.g. CO, HC and NO, etc. 
About 60 percent of the world supply ofLPG comes from the separation of natural gas 
products, and 40 percent is a by-product from the refining of crude oil. The main 
constituents of LPG for automotive application are propane and butane. It is worth 
noting that the composition of LPG varies from country to country. This is shown in 
Chapter 1 Introduction 
Table 1.1. 
Table 1.1 LPG composition ( % by volume) as automotive fuel in Europe 
Country Propane Butane 
Austria 50 50 
Belgium 50 50 
Denmark 50 50 
France 35 65 
Greece 20 80 
Ireland 100 0 
Italy 25 75 
Netherlands 50 50 
Spain 30 70 
Sweden 95 5 
United Kingdom 100 0 
Germany 90 10 
[Source: Urban 1982] . 
The LPG is abundant throughout the world. In 2003, UK produced 6.8 million tonnes, 
while only 100,000 tonnes (only 1.5 percent) was used for the LPG car. Therefore it is 
clear that supply is guaranteed for the foreseeable future, and it can also be predicted 
that this clean automobile fuel, i.e. LPG; will be used widely in the future. 
The laminar burning velocity is a fundamental parameter for analysing and predicting 
the performance of combustion devices (e.g. internal combustion engine and power 
plant burners). Compared with the large amount of reported experimental data for 
premixed propane/air mixture and n-butane/air mixture, reliable laminar burning 
velocity experimental data for LPG/air mixture, which is defined in this study as 
mixtures of two fuels: propane (C3HS) and n-butane (n-C4H IO), are rare and deficient. 
On the other hand, reasonable and accurate experimental data of laminar burning 
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velocity for a combustible fuel/air mixture is difficult to measure [I]. Even for the 
commonly studied premixed stoichiometric methane/air mixture at 1 atm and 298 K, 
the value of the laminar burning velocity reported by previous investigators varies over 
a wide range from 35 to 45 cm/ s [1]. One of the main reasons for this is that the 
different experimental methods are used [1]. The constant volume bomb method has 
been proven to be a simple but highly efficient and reproducible method for 
measurement of the laminar burning velocity at high pressure and temperature. By 
igniting premixed fueVair mixture in a rigid and spherical combustion chamber and 
analysing the pressure/time history recorded during the combustion process, the 
laminar burning velocity can be measured over a wide range of pressures and 
temperatures using this method in just one run. By changing the initial pressure and 
temperature of the premixed mixture, the laminar burning velocity can be obtained over 
a wider range of decoupled pressures and temperatures. 
Metghaichi and Keck [2] developed a commonly used two-zone combustion model to 
determine the laminar burning velocity of fueVair mixtures based on the measured 
pressure/time history using a constant volume method. The key idea of the two-zone 
combustion model is that the whole combustion chamber is divided into two zones by 
the flame front during the combustion process, i.e. the burnt gas zone and the unburnt 
gas zone, and the pressure and temperature distribution is uniform in these two zones. 
The surface ofthe flame front is assumed to be spherical and smooth, and the thin flame 
thickness is neglected. However, to obtain more accurate and reasonable results, the 
effects of the flame thickness, which has not been studied further, and the effect of 
temperature gradient in the burnt gas zone, should be included. 
The flame thickness is thin for most stoichiometric fueVair mixtures during the 
combustion process. However for a lean or rich fueVair mixture, the flame thickness 
can be relatively thick (e.g. for the CH4/air mixture at I atm, 298 K and equivalence 
ratio of 0.6, the flame thickness measured in the bomb using optical techniques is 2.6 
mm [1]). During the combustion process, the flame thickness becomes smaller, 
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however the volume percentage of the flame front relative to the total volume increases 
with the propagation of the flame front. 
For this study, there were three main objectives. 
The first was to measure the laminar burning velocity of LPG/air mixture using the 
constant volume bomb method. 
The second objective was to develop a new combustion model based on the commonly 
used two-zone combustion model, and to examine the effects of the flame thickness and 
the temperature gradient in the burnt gas zone on the laminar burning velocity. 
The final objective was to determine the effect of the pressure, temperature, 
equivalence ratio and especially the composition of the LPG fuel on the laminar 
burning velocity for the LPG/air mixture. 
1.2 Contribution from the present study reported in this thesis 
The main contributions of the present study to the measurement of the laminar burning 
velocity for LPG/air mixture using the constant volume bomb method are as follows. 
1) A detailed database for both CHJair mixtures and LPG/air mixtures with initial 
ambient temperature and a range of initial pressures has been established using the 
constant volume bomb method. To test the whole experimental system and the new 
combustion model, the experiment for CH41 Air mixtures was also carried out since a 
great deal of C~/air experiment data from previous investigators are available to be 
compared. For C~/air and LPG/air mixtures, the equivalence ratio reached the 
flammability limits in this study. Future studies on the combustion performance using 
LPG can be based on this detailed database ofthe laminar burning velocity for LPG/air 
mixtures. 
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2) In this thesis, good agreement has been shown between the measured laminar 
burning velocity of CHJair, C3Hs/air and n-C4HlO/air mixtures in this study with that 
from previous investigators. This demonstrates that the constant volume bomb method 
is a suitable method for measuring the laminar burning velocity for certain fuel/air 
mixtures at high pressure and temperature. 
3) The commonly used two-zone combustion model has been developed into a 
new combustion model, in which the effects of the flame thickness and the temperature 
gradient in the burnt gas zone were included. Based on different definitions of the flame 
thickness, which are reviewed and discussed in chapter 3, the gas properties especially 
the temperature distribution within the flame thickness were calculated based on the 
pure thermal theory for the flame front. The results of the laminar burning velocity from 
two-zone combustion model and the new combustion model were compared and the 
effects of the flame thickness are shown in this thesis. The results from the new 
combustion model clearly show that the effect of the flame thickness and the 
temperature gradient in the burnt gas zone cannot be neglected for mixtures with low 
initial pressures and/or near the lean or rich flammability limits. 
4) The experimental data of LPG/air mixture were analysed and regressed using 
the least square regression technique. In the regression calculation, an experimental 
data selection rule of burnt gas non-dimensional radius was introduced in this thesis. 
Compared with the manual method and the trendline method reported in chapter 5, the 
selection rule of burnt gas non-dimensional radius has been proved to be a reasonable 
and efficient method to regress experimental data for the constant volume bomb 
method. 
5) The effects of pressure, temperature, equivalence ratio and compositions of 
LPG on the laminar burning velocity are shown in a general empirical equation with 
twelve coefficients. Good agreements between the experimental data and the results 
from the regression calculation showed that this general empirical equation for LPG/air 
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mixtures was reasonable and could be used within the region of pressure, temperature, 
equivalence ratio and fuel compositions under the test conditions in this study. 
6) A comprehensive coded C-Fortran hybrid programme, which can calculate 
laminar burning velocity for multi component combustible mixtures, i.e. 
(CH4+C2H6+C3Hs+n-C4HIO)/air/diluents (N2+C02) mixture, was developed based on 
the new combustion model for the constant volume bomb method. 
1.3 Thesis outline 
In closing this introduction, a thesis outline is provided. There are six chapters in this 
thesis. Following chapter I, the introduction, chapter 2 reviews some relevant 
knowledge such as the definition of laminar burning velocity, the effects of pressure, 
temperature and equivalence ratio on the laminar burning velocity, the equations of 
laminar burning velocity and the experimental method of measuring the laminar 
burning velocity. 
In chapter 3, the two-zone combustion model for the constant volume bomb method, 
are reviewed. Some major assumptions in the two-zone combustion model are 
discussed to provide a consistent basis for the development of the new combustion 
model. The details of the new combustion model developed in this study are reported 
subsequently. The calculation of the unburnt and bumt gas properties, the definition of 
the flame thickness in this study and the calculation of the gas properties in the flame 
front are presented. This is followed by the solution techniques and a brief calculation 
procedure for the new combustion model at the end of this chapter. 
Chapter 4 describes the experimental apparatus. Some practical problems related to the 
combustion, such as ignition problems, are discussed. The experimental steps of 
measuring the pressure/time history in the spherical combustion chamber are reported. 
The detennination of the laminar burning Velocity using a manual trendline method was 
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given at the end of this chapter. 
In Chapter 5, all the experimental results in this study are presented and discussed. The 
least square regression technique, the selection rule of non-dimensional rb and the 
general empirical equations for each type of fueVair mixture in this study are given in 
detail first, then the experimental results and the results from regression calculation for 
CH4/air, C3Hs/air, n-C4HIO/air and LPG/air mixture are compared and discussed. 
Finally, to check the appropriateness of the form of the general empirical equation, the 
experimental results of stoichiometric C3Hs/diJuents/air and n-C4HlO/diluents/air 
mixtures are compared and discussed at the end. 
Chapter 6 closes the thesis and contains the conclusions from this study and suggestions 
for future research. 
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Chapter 2 
Literature review 
2.1 Introduction 
In this chapter, a review of laminar burning velocity is given in the following sections: 
I) Definition and significance of the laminar burning velocity; 
2) Flame structure and theoretical equations for the laminar burning velocity; 
3) Effects of pressure, unburnt gas temperature, flame temperature, equivalence ratio, 
fuel molecular structure, inert additives and combustible additives on the laminar 
burning velocity; 
4) Effect of flame stretch on the laminar burning velocity; 
5) Experimental methods for measuring the laminar burning velocity; 
6) . Equations used to calculate the laminar burning velocity using constant volume 
bomb methods from previous work; 
7) Direct measurement methods; 
8) Previous investigators' experimental data for propane/air and n-butane/air 
mixtures. 
2.2 Definition and significance of the laminar burning velocity 
The laminar burning velocity is the one-dimensional velocity of the flame front relative 
to the unburnt gas ahead of the flame front [3,4]. It is a physiochemical constant for a 
combustible mixture with a given pressure, temperature and equivalence ratio. A 
simplified schematic for one-dimensional flame propagation in a round tube is shown 
in figure 2.1. In this figure, the flame front moves at the speed of S" and the unburnt 
gas, which is ahead of the flame front, moves at the speed of S g' then the equation of 
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the laminar burning velocity S, is gives as follows. 
S,=S,-S. (2-1) 
The laminar burning velocity is of fundamental importance for understanding and 
predicting the performance of many combustion devices (e.g. the internal combustion 
engines and power plant burners). Experimental laminar burning velocity data can also 
be used to verify theoretical combustion models for a wide range of practical situations. 
Though the flow is generally turbulent in these actual combustion devices, the laminar 
burning velocity is explicit within the relationships for the turbulent burning velocity 
since the turbulent burning velocity is generally correlated with the laminar burning 
velocity and turbulence intensity. 
( 
Burnt Gas 
Figure 2.1. Schematic for one-dimensional flame propagation in a round tube with 
no heat transfer and friction 
2.3 Flame structure and theoretical equations for the laminar burning velocity 
A simple schematic structure of one-dimensional flame propagation in a round tube is 
shown in figure 2.2. In this figure, the thickness of the flame front, 8, is divided into 
two zones which are separated at the ignition temperature, T, •. The first zone from the 
unburnt gas side is termed the preheat zone and has a length 8 p associated with it. In 
the preheat zone, minimal chemical reactions take place and the unburnt gas is heated 
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from the unburnt gas temperature T, to the ignition temperature T,g. The second zone 
is the chemical reaction zone which has a length 8, associated with it, and the 
temperature increases from the ignition temperature T,g to the burnt gas temperature 
Tb. The chemical reaction rate W increases very quickly after the point at which the 
temperature becomes higher than the ignition temperature T,g, hence most of the 
chemical reactions take place in the chemical reaction zone. 
8, 8, 
~) unburnt gas ( 
burnt gas 
T ~ 
T,g 
T" 
) 
w f\ X 
./ I" 
o X 
Figure 2.2. Schematic distribution of temperature, T, and chemical reaction rate, 
W, of the one-dimensional flame propagation in a round tube 
Based on this flame structure, the theories for determining the laminar burning velocity 
are usually divided into three groups: thermal theory, comprehensive theory and 
diffusion theory [5-7]. 
Marllard and Le Chatelier [8] developed a thermal theory to obtain an equation for the 
laminar burning velocity. They assumed that there were no chemical reactions in the 
preheat zone, the unburnt gas in this zone was heated by conduction and reached 
ignition at the ignition boundary. According to the energy balance of the 
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one·dimensional preheat zone, and assuming a linear temperature profile in the reaction 
zone. 
T, -7: 
'C (7: -T)=A b •• 
m p Ig U 0 
C 
(2·2) 
Where 
o =~ 
c W 
, 
and w = dC, 
, dt 
In which, rh is mass flux, Cp is specific heat, A is thermal conductivity, t is time, C, 
is the non·dimensional relative molar concentration, and W, is the rate of the chemical 
reaction. 
Substituting the mass conservation equation 
rh =S,p, (2·3) 
into equation (2·2) yields 
(2-4) 
Therefore 
(2·5) 
Where a = _A_ is the thermal diffusivity. 
CpP, 
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This theoretical equation shows a very important relationship in that the laminar 
burning velocity is proportional to the square root of the thermal diffusivity and the rate 
of the chemical reaction. It also predicts the correct trend for changes in unbumt gas 
temperature. 
Zel'dovich et al. 's comprehensive theory [9-11] is based on Marllard and Le Chatelier's 
thermal theory [8]. However, Zel' dovich et al. [9-11] replaced the ignition temperature 
with the flame temperature since 1',g is close to Tb' Both the species-conservation 
equation and the energy equation were employed in their theory. The equation for the 
laminar burning velocity derived by Zel'dovich et al. [9-11] is 
(2-6) 
Where a, is the thermal diffusivity under initial conditions. 
It should be noted that in equations (2-5) and (2-6), as the values of Tb or W increase, 
the value of the laminar burning velocity rise. More attention should be paid to the 
chemical reaction rate, W, because other factors (e.g. initial temperature, pressure and 
especially the flame temperature) affect the laminar burning velocity through their 
effects on W. Equations (2-5) and (2-6) are the basis for analysing the effects of 
pressure, temperature etc. on the laminar burning velocity. 
The diffusion theory developed by Tanford and Pease [5-7] assumes that for certain 
chemical reactions in a laminar flame, the rate of the diffusion of active radicals into the 
unbumt gas determines the magnitude of the laminar burning velocity. In Tanford and 
Pease's work [5-7] regarding a moist carbon monoxide flame, the results showed that 
the equilibrium concentration of the hydrogen atom was an important factor in 
determining the laminar burning velocity, and it is the mass diffusion not the heat 
conduction that controls the process in creating the hydrogen atoms in the flame front. 
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Based on these results, and also with the following assumptions; 
1) Zero activation energy for radical species; 
2) Exponential concentration distribution for all active free radicals; 
3) A constant mean temperature = O.7Tf for the whole combustion zone; 
4) A constant mass diffusion coefficient for gases in the combustion zone; 
5) A first-order chemical reaction expression for the source term in the species 
equation; 
6) No chain branching reactions. 
Tanford and Pease's [5-7] obtained the following equation of the laminar burning 
velocity, 
C "kp.a· o 
r L..J I I " 
X p ' B; 
(2-7) s = u 
Where X p is the mole fraction of products, k, is the specific rate constant for the 
consumption of the i th species, p, is the equilibrium partial pressure of free-radical 
species i, a,.o is the mass diffusivity of i th species at the initial temperature of the 
unbumt mixture, and B; is a function of the mass diffusivity ofthe gases in the reaction 
zone. 
Since the laminar burning velocities for most carbon monoxide/air mixtures typically 
vary from 25 to 106 cm / s, equation (2-7) has issues because the laminar burning 
velocity would go to zero when the free-radical concentration or the partial pressure of 
the dry carbon monoxide mixture goes to zero. 
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2.4 Effects of pressure, unburut gas temperature, flame temperature, equivalence 
ratio, fuel molecular structure, inert and combustible additives on the 
laminar buruing velocity 
The laminar burning velocity of a combustible fuel/air mixture is governed by pressure, 
unburnt gas temperature, flame temperature, equivalence ratio, fuel molecular structure, 
inert and combustible additives. These physical and chemical aspects are now 
reviewed. 
2.4.1 Effect of pressure on the laminar burning velocity 
The earliest research about pressure dependency from experimental data was reported 
by Lewis [12]. Lewis [12] developed a power law equation (2-8) for various 
hydrocarbon-oxygen mixtures containing N2, Ar, or He, 
Su oc p' (2-8) 
Where v is Lewis pressure exponent. 
Lewis [12] observed that when Su ~ 50cm/ s, the exponent v is negative, implying 
that the laminar burning velocity increases with decreasing pressure. When 
50cm/ s < Su ~ IOOcm / s , the exponent v is zero, implying that the laminar burning 
velocity is independent of pressure. When Su > JOOcm / s, the exponent v is positive, 
implying that the laminar burning velocity increases with increasing pressure. 
The Lewis pressure exponent in equation (2-8) has a close relationship with the overall 
order of the chemical reaction, n. Based on the theoretical equations (2-5) and (2-6) in 
the review ofthe thermal theory and the comprehensive theory, the effect of pressure on 
the laminar burning velocity is mainly the effect of the pressure on the rate of the 
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chemical reaction W,. For a nth-order chemical reaction, 
(2-9) 
Where n is the overall chemical reaction order. 
Substituting this relationship together with the thermal diffusivity a oc p -I into 
equation (2-5) gives 
~-l 
S, oc p2 (2-10) 
Compared with equation (2-8), the exponent !: -1 in the equation (2-10) corresponds 
2 
to the Lewis exponent, v. Usually, for most alkenes (e.g. methane, ethane, propane and 
n-butane), the value of n is less than 2. Hence, as shown in figure 2.3, the laminar 
burning velocity of stoichiometric methane/air mixture decreases with increasing 
unbumt gas pressure. 
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Figure 2.3. Pressure dependency of the laminar burning velocity for 
stoichiometric methane/air mixture with T, =298 K [1,13-15) 
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Many similar power laws have been developed for different fue1lN2/Oz/diluents 
mixtures [1,13,14]. However, the value of the exponent for pressure varies even for a 
mixture under the same initial conditions, because different values of the laminar 
burning velocity were measured using different experimental methods. Andrews and 
Bradley [I] obtained the following expression for the pressure dependency of Su for 
stoichiometric methane/air mixture at T" =298 K. 
Su = 43p -o·, (cm/ s) (2-11) 
Where p is the pressure in atmospheres. 
Hill and Hung (13] determined the pressure dependency from pressure/time history 
measured in a rigid and spherical chamber with central ignition, and gave the following 
expression for stoichiometric methane/air mixtures with an initial temperature of 298 
K. 
( )
-0.299 
Su = 32.9 L (cm/ s) 
POa 
Where POa is I atm and the subscript 0 refers to the reference state. 
(2-12) 
Stone et al. [14] measured the laminar burning velocity using a similar method to that of 
Hill and Hung [13], the main difference is that a free-fall facility was used to create a 
micro-gravity environment to decrease the buoyancy effect. The experimental equation 
from Stone et al. [14] for stoichiometric methane/air mixtures with an initial 
temperature of298 K was found to be 
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( )
-0.297 
S, =36.6 L (cm/s) 
POb 
Where POb is I bar and the subscript 0 refers to the reference state. 
(2-13) 
Taylor [15J undertook measurement of the laminar burning velocity during the initial 
stages of combustion but did not formulate an expression. 
2.4.2 Effects of unburnt gas temperature and flame temperature on the laminar 
burning velocity 
The flame temperature is directly proportional to the unburnt gas temperature [16J, i.e. 
(2-14) 
Where C, is molar concentration ofthe reactant and q is heat of chemical reaction. 
The burnt gas temperature Tb affects the laminar burning velocity strongly. Even a 
small increase in the flame temperature, can accelerate the process of the chemical 
reactions significantly by promoting dissociation reactions. The dissociation reactions 
introduce numerous free radicals in the flame, and these free radicals act as chain 
carriers to promote the chemical reactions. Hence the laminar burning velocity 
increases with increasing flame temperature and unburnt gas temperature. 
For stoichiometric methane/air mixtures at I atm, Andrews and Bradley [1] reviewed 
previous experimental results for the unburnt gas temperature dependency of the 
laminar burning velocity obtained by a variety of techniques. They reported that there 
was a considerable scatter in both the magnitude of the laminar burning velocity and its 
rate of increase with unburnt gas temperature. Andrews and Bradley [I J suggested a 
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correlation equation as follows. 
Su =IO+O.000371Tu 2(cm/s) (2-15) 
Later investigators, Rallis and Garforth [17], also gave a comprehensive review of the 
unburnt gas temperature dependency of the laminar burning velocity for stoichiometric 
mixtures, and they presented the unburnt gas temperature dependency in the following 
power law form 
(2-16) 
Where To is 298 K, the subscript 0 refers to the reference state, Suo(r/J = 1) is the 
laminar buming velocity for stoichiometric mixtures at 1 atm and 298 K, r/J is 
equivalence ratio and a is the temperature exponent. 
Rallis and Garforth [17] pointed out that previous investigators' values of the 
temperature exponent a were in the range of 1.37 to 2.33 for stoichiometric 
methane/air mixtures. This scatter is attributed to errors in the earlier measurements of 
the laminar burning velocity. 
Hill and Hung [13] used a similar equation in power law form for stoichiometric 
methane/air mixtures at 1 atm. 
( )
1.8 
Su = 32.9;' (cm/ s) (2-17) 
The temperature dependency of the laminar burning velocity for stoichiometric 
methane/air mixture at 1 atm from Stone et al. [14] was also reported in power law form 
as follows. 
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( )
1.42 
S. = 36.6 ~ (cm/ s) (2-18) 
Figure 2.4 shows previous investigators' experimental unburnt gas temperature 
dependency of the laminar burning velocity for stoichiometric methane/air mixtures at 
I atm. The values from Andrew and Bradley [1] are higher than the others, this is due to 
their higher S. value of 43 cmls at I atm and 298 K in equation (2-11). 
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Figure 2.4. Unburnt gas temperature dependency of the laminar burning velocity 
for stoichiometric methane/air mixtures at 1 atm [1,13,14,17) 
2.4.3 Effect of equivalence ratio on the laminar burning velocity 
The effect of equivalence ratio on the laminar burning velocity has been investigated by 
many investigators over the years. Figure 2.5 shows the equivalence ratio dependency 
of the laminar burning velocity for the methane/air mixture at the main datum 
conditions of 1 atm and 298 K. 
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Figure 2.5. Equivalence ratio dependency of the laminar burning velocity for the methane/air mixture at the main datum conditions of 1 
atm and 298 K [1,14,15,18-24] 
20 
Chapter 2 Literature review 
The effect of equivalence ratio on the laminar burning velocity is governed 
predominantly by its effects on the flame temperature because the flame temperature 
has a major effect on the chemical reaction rate. It is generally acceptable to assume 
that a mixture with the maximum flame temperature is also the mixture with the 
maximum laminar burning velocity [25]. The peak ofthe flame temperature will occur 
for stoichiometric or slightly fuel-rich mixtures, therefore, as shown in figure 2.5, all 
the maximum laminar burning velocities obtained by previous investigators occurred 
just after (b = 1 «(b '" 1.05 ). 
Andrew and Bradley [1] suggested that 1.07 was the equivalence ratio where the 
maximum laminar burning velocity occurred for methane/air mixtures at 1 atrn and 
298K. 
The effect of equivalence ratio on the laminar burning velocity has been included in 
many previous empirical equations by changing the form of the general empirical 
equation for stoichiometric mixtures. Equation (2-19) is probably the most commonly 
used empirical equation for stoichiometric mixtures, both pressure and temperature 
dependencies are included in this equation. 
(2-19) 
Where the subscript 0 refers to the reference state, S,o«(b = I) is the laminar burning 
velocity for stoichiometric mixtures at 1 atm and 298 K, a and f3 are temperature and 
pressure exponents, To = 298 K and Po = I atm. 
Metghalchi and Keck [2] replaced the term S,o«(b = I) in equation (2-19) with an 
expression of S,o«(b) as a function of (b in polynomial form for propane/air mixtures at 
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high temperature and pressure. 
Suo = a + b(~ -1) + c(~ _I)' (2-20) 
Where the coefficients a, b and c are constant for curve fitting. 
Clarke et al. [26] used a fourth-order polynomial equation to replace the term 
Suo(~ = 1) in equation (2-19) for both n-butane/air mixtures and isobutene/air 
mixtures. 
Suo(~) = a~4 +b~3 +C~2 +d~+e (2-21 ) 
Where the coefficients a, b, c, d and e are constants for curve fitting. 
Stone et al. [14] extended Metghalchi and Keck's [2] equation (2-20), and used the 
following empirical equation for methane/air mixtures. 
(2-22) 
Where Su •• ' Su., , Su.2' Su.3 and Su.4 are constants, a and a, are temperature 
exponents, /3 and /3, are pressure exponents. In this equation, not only the effect of 
equivalence ratio on Su.' but also the effect of equivalence ratio on the temperature and 
pressure were taken into account. 
2.4.4 Effect of fuel molecular structure, inert additives and combustible additives 
on the laminar burning velocity 
The effect of fuel molecular structure on the laminar burning velocity have been 
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reported by Gerstein et al. [27], Reynolds et al. [28] and Gibbs and Callcote [24]. For 
the fuels in different families: alkanes, alkenes and alkynes, it was found that the 
number of substituted methyl groups had a strong influence on the laminar burning 
velocity. The influence is shown in the following figure [28]. 
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Figure 2.6. Laminar burning velocity of alkanes, alkenes and alkynes 
As shown in the above figure, Su (alkanes» Su (alkenes» Su (alkynes). For the fuels 
in the same family, Gerstein et al. [27] and Reynolds et al. [28] concluded that the effect 
of different numbers of carbon atoms on the laminar burning velocity was due to the 
changes in thermal diffusivity, which is a function ofthe fuel molecular weight. This is 
the same result as that obtained from Mallard and Le Chatelier's thermal theory [8]. 
This result can also be applied to analyzing the effects of inert additives (e.g. CO2 and 
Nz) on the laminar burning velocity since the additives can change the value of c p (the 
specific heat) and the value of A (the thermal conductivity) of the mixture. The main 
effect of the inert additives is to change the mixture's thermal diffusivity a. Based on 
this analysis, we can also regard excess air in a mixture as an additive (e.g. air in a lean 
fuel-air mixture), which will change the value of a, and hence affects Su' Likewise 
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fuel is an inert additive in rich mixtures. 
Ryan and Lestz [29] used a coefficient g to describe the effect of diluents in the 
following form 
Su (dil) = Su (dit = 0)(1- gX) (2-23) 
Where X is the diluents fraction and g is diluents coefficient. 
Subsequent work by Rhodes and Keck [30] introduced an additional coefficent h as 
follows 
Su (dil) = Su (dit = 0)(1- gXh) (2-24) 
Stone et al. [14] gave the following equation to include the effect of the inert additives 
(C02 and N2 are called diluents) on the laminar burning velocity for 
methane/diluents/air mixtures. 
(2-25) 
Where h and i are diluents coefficients. 
In this equation, Stone et al. [14] took account of the equivalence ratio dependency on 
the diluents fraction based on Rhodes and Keck's [30] equation. Though there is no 
physical basis for describing the effect of the diluents by means of the factor 
(2-26) 
Stone et al. [I4J reported that the fonn in equation (2-22) gave the lowest residual error 
in their work after studying a number of alternative equations. 
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When considering combustible additives (e.g. n-C4HIO can be regarded as an additive if 
C3Hs is considered to be the main component in LPG), if the combustible additive's 
laminar burring velocity is larger than that of the main combustible component of the 
mixture at the same pressure, temperature and equivalence ratio, then the laminar 
burning velocity of the mixture will increase. Otherwise, the laminar burning velocity 
of the mixture will decrease [31,32]. 
At present, the larninar burning velocity of multi component fuel gas mixture, which 
consists of two fuel components and inert gas diluents (e.g. CHJC3HS/(C02 and N2) 
mixtures), has been investigated by some investigators [13,14,33-36]. However, 
reliable laminar burning velocity experimental data for LPG, which consists of C3Hs 
and C4HIO, is still deficient [37]. 
2.5 Effect of flame stretch on the laminar burning velocity 
The effect of flame stretch on the laminar burning velocity has been reported by many 
investigators [14,19,26,33,38-48], and it has been recognized increasingly that flame 
stretch can substantially affect experimentallaminar burning velocity data. 
For this study, only geometric flame stretch is considered, i.e. the effect of aerodynamic 
stretch is ignored. The geometric flame stretch is caused by flame curvature, which is 
associated with the flame front surface. The flame stretch rate K is defined as follows. 
K=.l..dA 
A dt 
Where, A is the area of the flame front. 
(2-27) 
For a stationary flat flame front with a fixed flame front surface, the flame stretch rate is 
zero. For a spherical flame in a constant volume combustion chamber with central 
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ignition, the area ofthe flame front is given by: 
2 A = 4nr, 
In which r" is burnt gas radius. 
Hence equation (2-27) becomes 
K=3.. drb =3.. s 
rhdt rh' 
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(2-28) 
(2-29) 
At large values of flame radius, K is small and the flame approaches the 
one-dimensional case. Figure 2.7 plots the flame stretch rate against pressure for a 
stoichiometric n-butane/air mixture measured in a constant volume combustion 
chamber with central ignition (26]. It can be seen that the flame stretch rate decreases 
rapidly with increasing pressure in the prepressure period (p < Up,), the reason is that 
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Figure 2.7. Flame stretch rate against pressure for stoichiometric n-butane/air 
mixture with initial pressure 1 bar and initial temperature 298 K from Clarke et 
al. (26) 
the flame radius increase faster than the flame speed. The flame stretch rate at 
p = 1.lpl is of the order of lOO, which is often considered smalL After the prepressure 
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period, the flame stretch rate decreases continually and asymptomatically approaches 
zero with the increasing area of the spherical flame front and decreasing flame speed 
[26]. 
Nowadays, it is generally agreed that the effect of flame stretch is the most probable 
reason for the systematic discrepancies existing in previously reported experimental 
laminar burning velocity results [49]. Therefore, the stretch-free laminar burning 
velocity, S ",00 , should be determined. 
The following linear equation of the stretch-free laminar burning velocity, Su 00' is 
commonly used for mixtures with small flame stretch rates [48]. 
( LK<5) Suro =Su +L.K=Su 1+-- =Su(l+MaKa) • <5 S 
Where L is Markstein length 
Karlovitz number 
Markstein number 
u 
K<5 
Ka=-
Su 
L 
Ma=-
<5 
(2-30) 
In this equation, the difference between Suoo and S u is determined by Land K (or 
Ma and Ka). The flame stretch rate, K , is relatively easy to calculate, however the 
Markstein length is difficult to calculate and is highly dependent on the Lewis number 
of the mixture [39,50]. 
The Lewis number ofa mixture is defined as the ratio of the thermal diffusivity to that 
of the mass diffusivity as follows 
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a Le=-
D 
Where a = _..1,_ is thermal diffusivity, and D is mass binary diffusivity. 
Cpp, 
(2-31 ) 
The Lewis number is a non-dimensional number which can be calculated using 
equation (2-31) for a mixture at a given pressure, temperature and equivalence ratio. A 
Lewis number less than unity means there is a highly diffusive reactant in the mixture. 
Renou [40] and Wang et al. [41] reported that there was a critical Lewis number, i.e. 
Le" which determines the sign of the Markstein length and hence the Markstein 
number. When Le < Le, for a mixture, the Markstein length is negative, the effect of 
flame stretch would be to increase the laminar burning velocity S, with increasing 
flame stretch rate K based on equation (2-30). When Le> Le, for a mixture, the 
Markstein length is positive, so the effect of flame stretch would be to decrease the 
laminar burning velocity S, with increasing flame stretch rate K. 
To determine the unstretched laminar burning velocity, Suro, a commonly used method 
is to plot a graph of measured burning velocity S, against flame stretch rate K. The 
stretch-free laminar burning velocity can then be determined through linear 
extrapolation to K =0. The Markstein length can also be determined as it is the slope of 
the linear trendline in the graph of measured burning velocity S, against flame stretch 
rate K. 
The effect of the flame stretch on the laminar burning velocity can be negligible [14,26] 
when the flame stretch rate is small. Clarke et al. [26] concluded that even though the 
n-butane/air mixtures being investigated in their experiments had non-unity Lewis 
numbers, the low values of the flame stretch rate had minimal effects on their 
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experimental data compared with other possible experimental errors. They proposed 
that the maximum errors that would be introduced due to the flame stretch would be 
less than 1.5 cm / s . For methane/air mixtures with a small flame stretch rate, Wu et al. 
[39] suggested that the effect of the flame stretch on the burning velocity was less than 
I cm / s . For methane/diluents/air mixtures, Elia et al. [38] reported that the difference 
between S"oo and Su even decreased to 0.2 cm/ s when the flame was close to the 
vessel wall in their experiments using a constant volume bomb with central ignition. 
2.6 Experimental methods for measuring the laminar burning velocity 
Based on Linnett [51] and other investigators' reviews, Andrews and Bradley [3] gave 
an overall review of different experimental methods and techniques for determining the 
laminar burning velocity of combustible mixtures. These methods can be separated into 
two distinct categories: stationary flames methods and non-stationary flame methods. 
The stationary flame methods are where the flame front is stable and stationary while 
the gas is in motion through the flame (e.g, burner methods). These include: the typical 
Bunsen burner methods [24,32,52], flat flame burner methods [31,53-59], counterflow 
burner methods [33,41,60]. The second case is when the gas is initially quiescent and 
the flame propagates through the gas. These include: transparent-tube method [8], 
constant volume bomb method [20,34,36,44-48,61-78] , soap bubble method [79],[80] , 
double ignition method within a constant volume bomb [8\,82], These methods are 
now discussed below, 
2.6.1. Burner methods 
The burner method was one of the most commonly used methods in the middle of the 
twentieth century to experimentally determine the laminar burning velocity of a given 
combustible mixture [24,32,52], The main idea of this method is to create a stationary 
flame for the experiment using different burners. Since the flame surface is stationary, 
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and together with the assumptions of negligible flame thickness and unifonn 
distribution of the laminar burning velocity on the stationary flame surface, the laminar 
burning velocity can be detennined using the conservation equation of mass. Three 
types of burners have been used to create different shape of flame surface as follows: 
I) Cone flame surface created by open circular tube and nozzle (e.g. Bunsen 
burner); 
2) Flat-sided inverted "V" shape flame created by slot burner; 
3) Flat flame surface created by flat flame burner. 
The idea of the slot burner method is quite similar to that of the open circular tube and 
nozzle method, therefore, only the commonly used Bunsen burner method and the flat 
flame burner method are reviewed in this chapter. 
2.6.1.1 Bunsen burner method 
The Bunsen burner is a vertical tube with a nozzle, which creates a conical surface 
flame front. This is shown in figure 2.8. 
Figure 2.8. Schematic of the rig for the Bunsen burner method 
The flow in the burner tube is assumed to be laminar. Based on the mass conservation 
principle, the laminar burning velocity can be deduced from the measured values of 
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V (volume flow of gas), r (radius of the tube), and h (the height of the internal cone of 
flame front). 
s = V 
U nr..Jh' + r' (2-32) 
The disadvantage of this method is that the inner surface of the flame front is unstable, 
and in particular, it is not a true cone. Lewis and von Elbe [83] pointed out that it was a 
curved surface, and the laminar burning velocity varied over the surface. Rallis [52] 
pointed out that the Bunsen burner method was inherently unsatisfactory because the 
results were associated with the burner port, the complex conical shape of the flame 
front and especially the variation of laminar burning velocity over the flame surface, 
which is probably a result of the temperature changes of the unburnt gas. In addition, 
Smith [84] reported that the measured laminar burning velocity showed a marked 
dependency on the tube diameter. Though the Bunsen burner method is simple and easy 
to use, some major corrections have to be involved in this method. 
2.6.1.2 Flat flame burner method 
In the flat flame burner method [31,53-59], a stabilizing screen or a burner matrix 
which is a sintered brass disc offine porosity (e.g. maximum pore size, 12.5um [31]), is 
used to obtain a flat flame right over the burner matrix. The schematic of the rig is 
shown in figure 2.9. The equation of Su in the flat flame burner method is 
(2-33) 
Where Ab is the area of the flame front. 
In figure 2.9, the flame front is considered to be a round and flat plane, therefore the 
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flow velocity is theoretically equal to the laminar burning velocity. This makes the 
determination of the laminar burning velocity even simpler than that of the Bunsen 
burner method. Usually, Vu can easily be measured, but the edge of the flame is 
Pii]@i~~i"~' ----i Flame ~;;;~ ~, 
V -Sintered brass 
disc of fine 
porosity 
r---.. Burner 
; 
I 
Figure 2.9. Schematic of the rig for the flat burner method 
difficult to define. Levy and Weinberg [57] have pointed out that the area of the flame 
Ab cannot be measured accurately due to the escape of some of the unburnt gas at the 
flame edges, the preheating of the gas and the pressure gradients. In addition, due to the 
heat loss from the flame to the burner matrix, the flame cannot be considered adiabatic, 
which also affects the results of the measured laminar burning velocity. The main 
problem for this method is that the flat flame can only be obtained at low laminar 
burning velocities (usually, ~ l2cml s). For combustible mixtures with higher laminar 
burning velocities, a conical flame will be produced when using the flat flame burner 
method. To stabilize the flame for combustible mixtures with high laminar burning 
velocities, Botha and Spalding [85] used a water-cooled porous metal disc at a position 
where it loses just enough heat to reduce the burning velocity to the flow velocity. 
Botha and Spalding [85] measured the heat extraction rate at different stream velocities 
(i.e. the burning velocity), and plotted a graph of laminar burning velocity against the 
heat extraction rate. Based on this graph, the laminar burning velocity of the mixtures 
can be determined by extrapolating back to zero heat extraction rate. This improved 
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water-cooled flat flame burner method was adopted by later investigators [31,55], 
however the results from this method are stilI not very good. This is probably due to the 
extrapolation of the experimental points to zero heat extraction rate since the law for 
such interrelationships is unknown [3]. 
2.6.1.3 Counterflow flame method 
The basic idea of the counterflow flame method [33,41,60,86-88] also follows that of 
the flat flame burner method. The difference is that in the counterflow flame burner 
method, the flames from the two vertically arranged burners meet at the centre of the 
gap between the two burner ports and thus a stagnation and flat plane can be obtained. 
The schematic of this test rig is shown in figure 2.10. 
Iv 
., 
I 
" f\ .to. I f\ Iv 1\ 
t::,_ 
"'-
-. 
Burner 
Twin 
Flames 
r---. Burner 
Figure 2.10. Schematic of the rig for the counterflow burner method 
The velocity profiles in the slow stream before the flame can be measured using some 
optical techniques (e.g. LDV (Laser Doppler Velocimeter) or PIV (Particle Image 
Velocimetry». By changing the stream velocity, a graph of the laminar burning velocity 
against the flame stretch rate can be plotted, so the laminar burning velocity can be 
determined by extrapolating the experimental points linearly back to zero stretch rate. 
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Though the unstretched laminar burning velocity can be detennined using this method, 
the laminar burning velocity can only be measured corresponding to a single pressure 
and temperature for each test. 
2.6.2 Transparent-Thbe method 
The transparent-tube method was one of the earliest methods employed to detennine 
the laminarburning velocity by Mallard and Le Chatelier in 1883 [8]. The basic idea of 
this method is that a transparent tube full of combustible gas is used to measure the 
laminar burning velocity of the mixture at a given pressure and temperature. The 
schematic of the rig is shown in figure 2.11. After igniting the gas, the photos of the 
flame front within the glass tube are taken, and then the value of Su can be obtained by 
analyzing these photos. Unfortunately, the flame front is not a plane front due to the 
boundary layer effect and turbulence of the mixture. Therefore the Su detennined 
using this method cannot be reasonable. In addition, due to the connective rise of the 
burnt gases, the difficulties of the nonsymmetrical nature of the flame make it 
impossible to obtain a plane front. This problem may be reduced by using a vertical 
tube [89] when a more symmetrical flame is observed, however, the weakest point of 
this method is that the measured burning velocity is more likely the flame speed. 
Though the idea of this experimental method is simple and direct, unfortunately it is not 
theoretically correct. 
1 
4 
Figure 2.11. Schematic of the rig for the transparent-tube method 
I-glass tube; 2- vessel full of inert gases; 3- valve; 4- spark portfire 
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2.6.3 Soap bubble method 
In the soap bubble method, the combustible mixture is contained within a spherical 
elastic envelope (e.g. soap bubble [79] or transparent rubber balloon [80]). The mixture 
is then ignited at the center of the elastic envelope, and the pressure during the 
combustion process is considered to be constant. Based on the mass conservation for 
the burnt gas, 
.!. O(Pb r:) = -r 2 S 
3 at b Pu • (2-34) 
Where rb is the flame radius, Pu is the density of the unburnt gas, Pb is the mean 
density ofthe burnt gas given by, 
- 3 I"~ 2 Pb=-, Pbrdr 
r 0 
b 
(2-35) 
Equation (2-34), together with the application of the compression law pvr• = constant 
to the burnt gas, gives, 
s =!!..!. S +~dp - ( ) 
u Pu ' 3YbP dt 
Where S, = drb and Yb is specific heat ratio of the burnt gas. 
dt 
(2-36) 
Since the boundary of the contained vessel is an elastic envelope, the flame propagates 
at a constant pressure during the combustion process. With the measurement of the 
initial radius of the unburnt gas ro, the radius at which the flame front coincides with 
the enveloping film r" and the assumption of the negligible flame thickness, the 
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equation of the density ratio in equation (3-30) is given below, 
(2-37) 
Together with the flame speed S, determined by the measured flame radius/time 
history, the laminar burning velocity can be determined using equation (2-36). 
The advantage of this method is that the second pressure term in the equation (2-36) 
disappears because of the constant pressure during the combustion process. 
Hence, the equation of Su for the soap bubble method becomes 
(2-38) 
The main weakness of this method is that the bubble's boundary and especially the 
value of r, is difficult to determine since the bubble is not perfectly spherical. 
2.6.4 Constant volume bomb method 
The constant volume bomb method has been widely used by many investigators 
[20,34,36,44-48,61-78] to measure the laminar burning velocity especially at high 
pressures and temperatures. In this method, the measurement of the contained 
explosion is performed in a rigid and spherical vessel with central ignition. A typical 
combustion chamber as used by Hill and Hung [13] is given as an example in figure 
2.12. Hill and Hung [13] measured the laminar burning velocities of stoichiometric 
mixtures of methane with propane and ethane additives using the constant volume 
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bomb method, and Su was extracted from the pressure/time history during the 
combustion process after the central ignition. 
INTAKEIEXHAUST 
Figure 2.12. Hill aud Hung's combustion chamber 
The main advantage of this method is that, in just one combustion process, a set of Su 
data corresponding to different unburnt gas pressures and unburnt gas temperatures can 
be determined based on the measured pressure/time history and flame radius/time 
history by using S u equations for constant volume bomb method. 
The major assumption of the constant volume bomb method with central ignition is that 
the flame surface is spherical and smooth, and all the Su equations for the constant 
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volume bomb method reviewed later in this chapter are based on this assumption. In 
fact, because the density of the burnt gas is less than that of the unburnt gas, the burnt 
gas zone will theoretically rise upward. This so-called buoyancy effect makes it 
impossible for the surface of the flame front to be perfectly spherical, especially for the 
lean or rich mixtures near the flammability limit. However, for fast burning gases (e.g. 
stoichiometric C)H8/air mixtures and n-C4HIO/air mixtures at 1 atm and 298 K), the 
photos of the flame propagation from Rahim [90] and Zhou [91] showed that the flame 
surface for the fast-burning mixture was indeed spherical and the buoyancy effect could 
be considered negligible. To avoid the buoyancy effects, Okajima et al. [20] and Kanno 
et al. [18] used a zero-gravity method to measure the slow burning velocity for the 
C3H8/air mixtures near the rich and lean flammability limit. Clarke et al. [26] and 
Stone et al. [14] used a micro-gravity method to measure the laminar burning velocities 
in a constant volume vessel. All these investigators [14],[18],[20],[26] used a free-fall 
facility to obtain a spherical flame surface during the combustion process. It should be 
noted that the terms zero-gravity and micro-gravity have almost the same definition. 
Due to the air drag on the falling chamber, the free-fall facility can only provide 
near-zero gravity conditions. Clarke et al. [26] calculated the residual gravity to be 
0.002g in their experiment, therefore the term micro-gravity may be more reasonable. 
Results from Clarke et al. [26] showed that the micro-gravity was a useful technique to 
effectively eliminate the buoyancy effects. Clarke et al. [26] also showed that the 
micro-gravity environment for the constant volume bomb method not only permitted a 
simple analysis that assumes a spherical flame front in the bomb chamber, but also 
extended the range of the experimental data for analysing from a single experiment. 
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2.6.5 Experimental test techniques conclusion 
Andrews and Bradley [3] pointed out that there was no agreement on a standardized 
method of measurement and conflicting values of laminar burning velocity continue to 
be published. To obtain an accurate and repeatable value of laminar burning velocity, 
choosing a reasonable experimental method is the first important step. Table 2.1 gives 
the key points of different experimental techniques mentioned previously. In general, 
the constant volume bomb method is acknowledged as being potentially both versatile 
and accurate [1,34,35,42,47,52,61-64,92,93]. In particular, compared with other 
experimental methods, the constant volume bomb method is very simple and highly 
efficient, because the value of Su can be obtained over a wide range of pressures and 
temperatures from only a single test event. In addition, the combustion chamber could 
also be heated to higher initial temperatures at different initial pressures [2,90], this 
would extend the measurement of the laminar burning velocity at higher pressures and 
temperatures, and allow the pressures and temperatures to be decoupled. Therefore, this 
method has been chosen in this study. The next section of this review concentrates on 
mathematical techniques to determine the laminar burning velocity from a constant 
volume vessel. 
2.7 Equations used to calculate the laminar burning velocity using constant 
volume bomb method from previous work 
From the pressure/time or flame radius/time history measured during the combustion 
process in a rigid and spherical combustion chamber with central ignition, many 
equations for the constant volume bomb method have been developed to determine the 
laminar burning velocity by previous investigators [81,94-101]. RaIlis and Tremeer 
[52] proposed that most of the equations could be shown to be special cases of two 
basic equations, therefore, the equations of the laminar burning velocity can be divided 
into two groups: in the first group the burnt gas conservation equation was used to 
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Table 2.1 Key points of different experimental techniques 
Key points 
Bunsen burner I: Only a single S, data is measured from a single test. 
2: S, can only be measured over a limited pressure and temperature range. 
3: The results are inherently unsatisfactory and need corrections for the 
reason of the unstable and curved flame surface. 
4: S, showed a marked dependency on the tube diameter. 
Flat flame burner I: Only a single S, data is measured from a single test. 
2: S, can only be measured over a limited pressure and temperature range. 
3: The results have to be corrected because the edge of flame is difficult to 
define and the flame area cannot be measured accurately due to the 
escape of some of the unburnt gas. 
Counter flow I: Only a single S, data is measured from a single test. 
flame 2: S, can only be measured over a limited pressure and temperature range. 
3: Unstretched S, can be determined. 
Transparent tube I: Only a single S, data is measured from a single test. 
2: S, can only be measured over a limited pressure and temperature range. 
3: The results have to be corrected because the flame is not a plane front. 
The weakest point is that this technique is not theoretically correct 
because the unburnt gas velocity is not zero. 
4: Heat transfer to tube surface. 
Soap bubble 1: Only a single S, data is measured from a single test. 
2: S, can only be measured over a limited pressure and temperature range. 
3: The results have to be corrected for the reason of the bubble's elastic 
boundary. 
4: Can make mixture moist. 
Constant volume I: A large mount of S, data can be measured in just a single run. 
bomb 2: S, can be measured at high pressures and temperatures and this will 
allow the pressures and temperatures to be decoupled. 
3: For the fast burning mixtures, the buoyancy effect could be considered 
negligible. While for slow burning mixtures, the buoyancy effect can be 
eliminated using a micro-gravity technique. 
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detennine S" in the second group the unbumt gas conservation equation was to used to 
detennine S, [102,103). To make a clear structure of this section, the S, equations 
derived based on these two conservation equations are introduced first, and the reviews 
of previous investigators'S, equations are presented subsequently. 
A schematic ofthe flame propagation in a rigid and spherical combustion chamber with 
central ignition is given in figure 2.13. 
Figure 2.13. Schematic of the flame propagation in a rigid and spherical 
combustion chamber with central ignition 
In the above figure, the flame front divides the combustion vessel into two zones, i.e. 
burnt gas zone and unburnt gas zones. 
The S equations derived from the burnt gas conservation equation are exactly the , 
same equations, i.e. equation (2-36), which has been derived in the section on the soap 
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bubble method. The derivation of this equation is given below, 
The mass conservation equation for the burnt gas is 
(2-34) 
Where rh is the flame radius, Pu is the density of the unburnt gas, Ph is the mean 
density of the burnt gas given by, 
- 3 f" 2 Ph =-3 Phr dr 
r 0 h 
(2-35) 
Equation (2-34), together with the application of the compression law pvr• = constant 
to the burnt gas, gives, 
drh Where S =-
, dt 
s = Ph (s +-.!L dPJ 
u Pu ' 3YhP dt 
(2-36) 
To calculate Su usmg equation (2-36), both the pressure/time history and flame 
radius/time history are needed. Some investigators [104,105] reported that this 
equation cannot give accurate values of S u , because the flame radius/time history is not 
easily and accurately measured in practice, as the surface of the flame front is not 
spherical resulting from the buoyancy effect especially for slow burning mixtures. Due 
to the increasing pressure during the combustion process, there is a temperature 
gradient in the burnt gas zone. Hence, another disadvantage of this equation is that Ph 
should be obtained from measurements at different radii. 
The equations based on the unburnt gas conservation equation is, 
42 
Chapter 2 Literature review 
dx 
M-= PuAbSu dt 
(2-39) 
Where M is the total mass ofthe mixtures inside the bomb chamber, and x is the mass 
fraction burnt. 
Equation (2-39) can also be expressed as equation (2-40) for a spherical flame front. 
(2-40) 
Where p. is the density of the mixture before ignition and rh b is the radius of the 
I camer 
combustion chamber. 
Another form of the mass conservation equation for unbumt gas is 
d(~Jr(r:'amb" -r,')pu) 
dt -4Jrr/ PuSu (2-41) 
Namely 
(2-42) 
Equation (2-42), together with the application of the compression law, gives 
S =S u , 
(r;'amb" - r/ ) dp 
3rb'yup dt (2-43) 
Compared with equation (2-36), p b is has been removed in equation (2-43). However 
it should be mentioned that in the prepressure period of the combustion process, since 
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dp / dt ~ 0, the result of S, = S, based on the equation (2-43) is not reliable. While 
equation (2-43) can be used for the post pressure period of combustion, Fiock and 
Marvin [103] used equation (2-43) for the regime after the first 25% of flame travel, 
when the pressure could be measured with sufficient accuracy. 
In deriving equation (2-36) and equation (2-43), the following assumptions are made: 
(1) The flame is thin (i.e. the flame thickness is negligible), spherical, smooth and 
unwrinkled, hence the chamber is divided into two zones: burnt gas zone and 
unburnt gas zone; 
(2) The pressure is spatially uniform, i.e. no pressure gradient exists within the 
combustion chamber; 
(3) The constituents of the unbumt and burnt gas mixtures behave as ideal gases; 
(4) The combustion products are in chemical equilibrium; 
(5) The unburnt and burnt gases are compressed adiabatically and reversibly, i.e. 
isentropically; 
(6) There is no heat transfer to the wall of the combustion chamber. 
The equations for the constant volume bomb method developed by previous 
investigators are reviewed as follows. 
The earliest investigation using constant volume chamber was made by Hopkinson in 
1906 [106], but Hopkinson [106] used the constant volume bomb chamber to 
investigate the general combustion phenomena and the temperature distribution in the 
burnt gas rather than measuring the laminar burning velocity. Flamm and Mache [107] 
were the first investigators to determine the laminar burning velocities using the 
constant volume bomb method during a combustion event using equation (2-44). 
Flamm and Mache [107] calculated the mass fraction burnt from the measured 
pressure/time history, 
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(2-44) 
Where Pe is the theoretical maximum burnt gas pressure inside the combustion 
chamber, 1\ is gas constant of unburnt gas, Z is a constant, which is evaluated by 
transposing equation (2-44) to make Z the subject and substituting in values of a 
known state e.g. the final values from an experiment where the mass fraction burnt is 
unity. The authors claimed that this equation is valid for the whole combustion process. 
However, for the post prepressure period where the pressure rises significantly, errors in 
the results could be introduced by the evaluated constant Z , the theoretically 
calculated Pe and the assumption of constant specific heat capacities (Yh and Yu)' 
Therefore this equation cannot actually be used for the entire combustion process, it is 
only reasonable for the prepressure period. 
Based on Flamm and Mache's equation [107], Lewis and von Elbe [108] derived an 
approximate but well-known linear equation of mass fraction burnt as follows 
P-P X= I 
Pe -P, 
(2-45) 
Hill and Hung [13] determined the laminar burning velocity based on the unburnt gas 
conservation equation (2-40). 
(2-40) 
They calculated the burnt gas radius in equation (2-40) based on the following volume 
conservation equation: 
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(2-46) 
Together with the compression law (i.e. pvr• = constant), the burnt gas radius is 
(2-47) 
Hill and Hung [13] substituted equation (2-47) into the unburnt gas conservation 
equation (2-46) giving 
( ( )
llr. J-2!3( )llr. 
Su = rCh;b" l-(l-x) ~ ~: (2-48) 
From equation (2-48), it can be seen that the main advantage of this linear equation of 
mass fraction burnt is that only the pressure/time history is used to determine the 
laminar burning velocity. 
Though the mass fraction burnt equation developed by Lewis and von Elbe [108] is an 
approximate equation, the work from Hill and Hung [13] showed theoretically and 
experimentally that this linear equation of mass fraction burnt was suitable for the 
majority of the combustion process. Bradley and Mitcheson [109] examined the linear 
equation (2-45) theoretically and showed that this linear equation gives relatively good 
agreement with a complete computer simulation for the majority of the combustion 
process. Clarke et al. [26] showed that the maximum error using the linear mass 
fraction burnt equation was approximately 2%. The work from this study also showed 
that it was a good approximate equation to evaluate the mass fraction burnt, but it is not 
a more accurate one. Though, the value of mass fraction burnt, x, from the linear 
equation, is a little higher than that from this study, the derivative of dx / dt in the S u 
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equation changes a great deal, which causes the Su from this linear equation to be 
overestimated especially in the prepressure period. 
Fiock et al. [103,110,111] used both pressure/time history and radius/time history to 
determine the laminar burning velocity. Two equations were derived by Fiock et al. 
[103,110,111]. The first Su equation derived was based on the bumt gas mass 
conservation equation as follows: 
S =~(S +-.!L dPJ 
u E ' 3YbP dt 
(2-49) 
Where E is the expansion ratio based on the instantaneous unburnt gas properties. 
This equation is actually the same as equation (2-36), except that the density ratio of 
P b / Puis substituted by 11 E in equation (2-49). 
The second laminar burning velocity equation is derived based on unbumt gas mass 
conservation equation and is exactly the same as equation (2-43). 
(2-43) 
Manton et al. [78] used two equations to evaluate Su' The first one is the same as 
equation (2-36), the second equation was derived from both burnt gas radius/time 
history and pressure/time history as follows: 
(2-50) 
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In equation (2-50), the pressure time derivative is not required. The results using 
equation (2-40) and (2-50) for three different stoichiometric mixtures at atmosphere 
pressure and 27°C have been compared by Manton et al. [78], and showed good 
agreement. 
Eschenbach and Agnew [67] took account of the effects of the finite velocity of 
propagation of pressure waves. They concluded that the effect of pressure was 
appreciable only when the spatial velocity of the combustion event was greater than 
10% of the speed of sound for the unburnt gas. Therefore, the assumption of uniform 
pressure distribution is only valid for relatively slow buming mixtures. For very fast 
burning mixtures, the pressure Ph behind the flame front and the Pu in front of the Ph 
are not equal. Eschenbach and Agnew [67] derived the following equation for very fast 
combustion event. 
(2-51) 
Where 
(2-52) 
f3 is the pseudo mach No.=(S, - SJ/ c, and c is the velocity of sound in the unbumt 
gas mixture. 
For equation (2-51), both the pressure/time history and the burnt gas radius/time history 
are required. In addition, from the burnt gas radius/time history and pressure/time 
history respectively, Eschenbach and Agnew [67] derived another two complicated 
equations, which are not considered in this review. 
Grumer et al. [66] reviewed Flamm and Mache's [107] mass fraction burnt equation 
(2-44) for the prepressure period (p :,; Up,) and obtained 
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p-p 
X== I 
p,yu(E, -I) (2-53) 
Grumer et al. [66] claimed that this equation was more reliable and accurate than Lewis 
and von Elbe's [108] linear equation of mass fraction burnt especially for the 
prepressure period. When mass fraction burnt, x = 0.03, an error of 0.3% would result 
in a 10% error of the laminar burning velocity calculated using Lewis and von Elbe's 
[1 08] linear equation. However, the equation derived by Grurner et al.'s [66] yielded an 
error of roughly 1 % in the laminar burning velocity for the same 10% error in the mass 
fraction burnt. 
O'Donovan and Rallis [77] assumed that the temperature of the burnt gas was equal to 
the mean burnt gas temperature in the burnt gas zone, and they derived the following 
mass fraction burnt equation based on Flamm and Mache's equation (2-44). 
(2-54) 
This equation is hard to used because the two mean temperatures 1;, and T, are 
required which are difficult to evaluated. 
Raezer [97] introduced a non-dimensional term S = S, I S. and obtained the following 
equation. 
rb S-I yu(TfITJ-I 1 
( )
3 (-)( ) 
r"amb" =1- (TflT,)-l YuS-1 Yu (2-55) 
In the above equation, Tf is the adiabatic flame temperature. 
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Rallis and Tremeer [104] modified equation (2-36) by introducing a non-dimensional 
density ratio, a, which is defined as 
Thus equation (2-36) becomes 
a= Pb 
P, 
(2-56) 
(2-57) 
Babkin and Kononenko [112] studied the assumptions used by previous investigators 
and attempted to obtain more accurate equations by deriving more realistic equation 
for the mean density and the temperature of the burnt gas during the prepressure period. 
Togetber with their previous work [113], they give two rather complicated S, 
equations: 
Where (7"= p, 
P, 
and 
Where 
dx 
rchamber dt d a 
!. ~ dt 
3aJ(a+x-I)J 
s = S, 
, 1 + I-x I(!!!..) 
(J da 
50 
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Using on the first law of thermodynamics, Metghalchi and Keck [2,36] used the volume 
and internal energy conservation equations to determine the mass fraction burnt. The 
two non-linear equations developed were 
VIM=xvb+(!-X)Vu (2-60) 
UIM=xub+(1-X)uu (2-61) 
Where, V is the chamber's volume, U is the internal energy of the mixture within the 
chamber, M is the total mass of the mixtures within the combustion chamber, x 
denotes the mass fraction burnt, v and u denote the specific volume and the specific 
internal energy respectively, the subscripts u and b denote unburnt and burnt gas 
properties respectively. 
In equations (2-60) and (2-61), Vu and Uu can be calculated as functions of Tu which 
can be calculated from the pressure. Since Vb and ub are only functions of r. by 
assuming ideal gas behaviour, there are only two unknown parameters, x and r. in 
equations (2-60) and (2-61). Metghalchi and Keck [2,36] solved the equations (2-60) 
and (2-61) using a Newton-Raphson iteration method to obtain accurate values of x 
and Tb. Subsequently, Metghalchi and Keck [2,36] gave the following equation for Su 
derived from the mass conservation equation for the mixtures within a combustion 
chamber. 
(2-62) 
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To reduce the errors introduced in the calculation of dx / dt , Metghalchi and Keck [2,36] 
modified the equation (2-62) in their later work [36], and gave 
(2-63) 
Rhodes and Keck [114] used Metghalchi and Keck's [2,36] equation, but took account 
of the effect of heat transfer to the chamber's wall and the thermal displacement 
thickness, and gave 
( p,( rb) A( do 50) 1- l-x)- 1-- +- rbP-+u 
dx Pu ru V dp =---~~~~--+-~-~ 
dp p,(rbTb -ruTJ 
(2-64) 
Where 0 is the thermal boundary layer displacement thickness next to the chamber's 
wall. A and V are the area and volume of the spherical chamber. 
Hill and Hung [13] used almost the same equation, i.e. equations (2-60) and (2-61) to 
calculate the mass fraction burnt for stoichiometric methane/air mixtures with propane 
and ethane additives. However, in the calculation of the mass fraction burnt using 
equations (2-60) and (2-61), Hill and Hung [13] proposed a multi-zone combustion 
model to include the effect of the temperature gradient in the burnt gas zone. Hill and 
Hung [13] divided the burnt gas zone into k layers, and gave 
k-1 
V/M=v=(I-x)vu + LLlx,vbl + Llxkvbk 
1=1 
k-1 
U / M = U = (1- x)uu + LLlx,ubi + LlxkUbk 
1=1 
(2-65) 
(2-66) 
Where k denotes the number oflayers in the burned gas zone and Llx k is the change in 
mass fraction burned as the k th layer undergoes combustion. 
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Elia et al. [38] measured the laminar burning velocity of me thanel diluents lair mixtures 
following the basic idea from Metghalchi and Keck [2,36], but Elia et al. [38] did 
further work in calculating the mass fraction burnt, i.e. both the effects of heat transfer 
to the chamber's wall and the temperature gradient in the burnt gas zone were 
considered. The consideration of the effect of the temperature gradient in the burnt gas 
zone followed Hill and Hung's idea [13] exactly. The equation developed by Elia et al. 
[38] is 
(2-67) 
U Q ,-\ 
---=(I-x)u, + 2>~x;ubl +~,Ub' 
M M ;=\ 
(2-68) 
However, the flame thickness was still assumed to be negligible in Elia et al.'s work 
[38]. 
2.8 Direct measurement method 
Determination of the laminar burning velocity using direct measurement method is 
based on the definition of the laminar burning velocity, i.e. S, = S, - Sg. The direct 
measurement method has been used by Bradley and Hundy [115]. They measured the 
unburnt gas velocity S g and the flame speed S, using hot-wire anemometer and 
ionization probes respectively. Therefore the laminar burning velocity was determined 
by the definition of laminar burning velocity itself. For the combustion process in a 
rigid and spherical vessel, S, and S g can be measured using one of the available 
measurement techniques (e.g. Sg can be measured by HWA (hot wire anemometer 
technique [1,115], LDA (Laser Doppler Anemometer technique) or PIV technique 
(particle image velocimetry technique) [91], while S, can be measured by ionization 
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probe technique, flame photography technique, light sheet tomography), then the value 
of S u can be obtained. This method seems very direct, namely the laminar burning 
velocity, Su' is simply the difference of S, and S g' Unfortunately, the values of S, 
and S g are usually larger than Su' hence an error of 2% in the values of S, and S g 
would give rise to an error of 10% in the laminar burning velocity Su [3]. Therefore, 
the accuracy of Su obtained using this method depends on the different direct 
measurement techniques used in the experiment. 
2.9 Previous investigators' experimental data for propane/air and n-butane/air 
mixtures 
Mixtures of propane and n-butane are the LPG gas defined in this study. The 
experimental data of propane/air mixtures [2,13,15,20,24,44,47,116-120] and 
n-butane/air mixtures [24,26,121] obtained using different methods by previous 
investigators are given in this section. Figures 2.14 and 2.15 show the range of the 
measured laminar burning velocity as function of equivalence ratio at 1 atm and 298 K. 
Compared with the published experimental data for n-butane/air mixtures, the laminar 
burning velocity of the propane/air mixture was investigated by more investigators. It 
can also be seen from figure 2.14 and 2.15 that the single values of the laminar burning 
velocity from different investigators show variation even at the same pressure and 
temperature. The maximum burning velocity for both propane/air and n-butane/air 
mixtures from most of the investigators have an approximate equivalence ratio of 1.1. 
Figures 2.16 and 2.17 show the pressure dependency of the laminar burning velocity at 
temperature of 298 K for stoichiometric propane/air and n-butane/air mixtures 
respectively. As shown in figures 2.16 and 2. I 7, few experimental data were published 
especially for n-butane/air mixtures. 
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The Coefficients in equations (2-20) and (2-21) are presented in the following table. 
Table 2.2 Coefficients in equations (2-20) and (2-21) 
Equation Fuel a b c d e tjJ 
(2-20) Propane 38.31 24.84 153 0.8-1.5 
(2-21) n-butane 215 -884 1197 -597 109.5 0.7-1.4 
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Figure 2.16. Pressure dependency of the laminar burning velocity at 298 K for 
stoichiometric propane/air mixtures [2,13] 
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Closure 
In this chapter, the definition of the laminar burning velocity and different experimental 
methods for determining the laminar burning velocity were reviewed. The constant 
volume bomb metbod was regarded as tbe best method especially for measuring tbe 
laminar burning velocity at high pressure and temperature. Different Su equations 
were reviewed and discussed, and it seems most equations were derived based on tbe 
burnt gas or unburnt gas mass conservation equations. Some common assumptions in 
the derivation of the S u equation for the constant volume bomb metbod were analysed 
by later investigators, and the effects of heat transfer to the chamber wall and the 
temperature gradient in the burnt gas zone on the laminar burning velocity have been 
taken into account. Finally the previous experimental data for propane/air and 
n-butane/air mixtures were reviewed since the mixtures of propane and n-butane are the 
LPG gas defined in this study. 
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Chapter 3 
New combustion model 
3.1 Introduction 
A new combustion model, which is based on a two-zone combustion model, has been 
developed to determine the laminar burning velocity of LPG gases from the 
pressure/time history during the combustion process within a combustion chamber. The 
key idea ofthis new combustion model is that both the effect of flame thickness and the 
effect of temperature gradient in burnt gas zone have been included. 
The two-zone combustion model, in particular an analysis of the assumptions in the 
two-zone combustion model, is reported first. The new combustion model based on the 
two-zone combustion model is presented subsequently followed by the calculation of 
bumt and unbumt gas properties and particularly the calculation of gas properties in the 
flame. The mass fraction burnt and bumt gas temperature are solved by the simulated 
Newton method, as presented in section 3.7.3. At the end of this chapter, a brief 
calculation process for the new combustion model is presented. 
3.2 Two-zone combustion model 
The key idea ofthe two-zone combustion model is that flame thickness is assumed to be 
negligible during the combustion process within a rigid and spherical combustion 
chamber. Therefore, in figure 2.13, the flame front is regarded as a discontinuity 
between the burnt gases and the unbumt gases, and the combustion chamber is divided 
into two zones: the bumt gas zone and the unbumt gas zone. The following assumptions 
are made in the two-zone combustion model. 
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1) The flame is thin (i.e. flame thickness is negligible), spherical and unwrinkled 
(smooth), hence the rigid spherical chamber is divided into two zones: the burnt 
gas zone and the unburnt gas zone; 
2) The pressure is spatially uniform, i.e. no pressure gradient exists within the 
combustion chamber; 
3) The constituents of the unbumt and burnt gas mixtures behave as ideal gases; 
4) The combustion products are in chemical equilibrium; 
5) The unbumt and burnt gases are compressed adiabatically and reversibly; 
6) The temperature is spatially uniform in the unburnt and burnt gas zone 
respectively; 
7) There is no heat loss during the combustion process. 
Based on these assumptions, many equations of laminar burning velocity have been 
reviewed in chapter 2. These equations are theoretically similar because all these 
equations in different forms followed two basic conservation equations, i.e. burnt gas 
conservation unbumt gas conservation equations. The difference among these 
Su equations is that whether pressure/time history, flame radius/time history or both are 
used in these equations or not. A simple equation from Metgha1chi and Keck (2,36] was 
employed in this study, i.e. equation (2-62) 
(2-62) 
In which M is the total mass of the mixtures inside the combustion chamber, dx / dt is 
the rate of mass fraction burnt, Pu is the unbumt gas density and Ab is the area of the 
flame front. 
The flame velocity S, and the unburnt gas velocity S g are derived as follows. 
(3-1) 
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Where Vb is the volwne of the burnt gas and Vb is the mean specific volume of the 
burnt gas. 
Therefore 
Where rb is the flame radius 
Then 
and 
_ [3Vb JI/3 
rb - 411" 
drb S =-
, dt 
S.=S,-S, 
(3-2) 
(3-3) 
(3-4) 
The advantage of equation (2-62) is that only pressure/time history is required to 
determine the mass fraction burnt. 
3.2.1 Calculation of mass fraction burnt x 
As reviewed in chapter 2, the mass fraction bumt equations from Flamm and Mache 
[107] and the mass fraction bumt equation from Grumer et al. [66] cannot be used in 
this study since these equations are only applicable for the prepressure period. The mass 
fraction burnt equation from O'Donovan and Rallis [77] cannot be considered either 
because the two mean temperatures in their equation are quite difficult to evaluated 
accurately. Though the well-known linear equation of mass fraction burnt developed by 
Lewis and von Elbe [108],[122] is a good approximation for constant volume 
combustion, it cannot be employed in this study since it is not accurate enough. 
The mass fraction burnt equation from Metghalchi and Keck [2,36] is currently 
employed in this study. Based on the first law of thermodynamics, Metghalchi and 
Keck [2,36] used the volume and internal energy conservation equations to determine 
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the mass fraction burnt. The two non-linear equations were given in chapter 2 as 
foJlows 
V / M = XVb (p,Tb) + (1- x)vu(p,Suo) (2-60) 
-
U / M = xub(p,Tb) + (1- x)uu (p,Suo) (2-61 ) 
Where V is the chamber's volume and M is the total mass of the mixture within the 
combustion chamber, the subscripts u and b , denote unbumt and burnt gas properties 
respectively, v and u denote the specific volume and the specific internal energy 
respectively. 
By assuming ideal gas behaviors, Vb and Ub are both functions of Tb ' hence there are 
only two unknown parameters, i.e. x and Tb in equations (2-60) and (2-61). The 
equations (2-60) and (2-61) are solved using the simulated Newton method reported in 
section 3.7.3. 
3.3 Analysis of assumptions in the two-zone combustion model 
The assumptions in the two-zone combustion model are analysed below to make some 
important modifications to the new combustion model in this study. Some assumptions 
have been checked and adopted in this new combustion model (i.e. spherical and 
unwrinkled flame front surface, uniform pressure distribution and negligible heat loss), 
however the other two assumptions, i.e. negligible flame thickness, uniform 
temperature distribution in the burnt gas zone, have been modified by using a 
three-zone and a multi-zone combustion model. 
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3.3.1 Spherical and smooth flame shape 
As a result of the buoyancy effect, the flame front cannot be perfectly spherical. This 
causes an error in the calculation of rh' hence producing an error in S, . In addition, for 
slow burning mixtures, the burnt gas zone will rise and make contact with the 
chamber's wall before all the mixtures is burnt. Stone and Clarke [14] used a free-fall 
rig to eliminate buoyancy effect when measuring the laminar burning velocity in a 
constant volume bomb. However, the buoyancy effect is not significant for fast burning 
mixtures. Figure 3.1 shows that the flame surface taken in this study is sufficiently 
spherical, and the electrodes did not distort the flame front, hence the buoyancy effect 
was considered negligible especially by choosing the pressure/time history data over 
the range of non-dimensional flame radius rh from 0.5 to 0.9, where the laminar 
burning velocity was greater than 10 cm/so 
Figure 3.1. Flame image taken in this study 
Cellularity is a phenomenon in which a certain flame has dimple surfaces. For the flame 
within a rigid and spherical combustion chamber, the surface area of the flame front 
increases because of the dimple surfaces compared with that of a spherical and smooth 
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surface. Therefore, when cellularity exists, the laminar burning velocity calculated by 
the new combustion model will give a misleadingly high value. The cellular structure 
can occur above a critical Reynolds number of approximately 4000. In this study, the 
maximum Reynolds number of the selected experimental data in this investigation is 
less than 4000, hence the flame front is assumed to have a smooth surface. 
3.3.2 Heat loss during the combustion process 
Metghalchi and Keck [36] investigated the effect of heat transferred from the unburnt 
gases to the chamber's wall. They evaluated the thermal displacement thickness 8 * at 
the outer wall. The effect of this thermal displacement thickness is to increase the 
volume of the chamber during the combustion process, hence corrective terms to the 
energy and volume conservation equations are required. However, compared with the 
effect of flame thickness, the thermal displacement thickness is much smaller than the 
flame thickness (8 * / R is only about 0.003). Therefore the effect of heat transfer to the 
chamber's wall was considered to be negligible in this study. 
The effect of radiation heat from the burnt gas to the unburnt gas was investigated by 
Hill and Hung [13] . Hill and Hung [13] estimated that energy radiated from the burnt 
gas region was of the order of 1 percent of the heat of reaction. They suggested that 
little of the radiation heat emitted by the bumt gas was absorbed by the unburnt gas, and 
most of the radiation heat was absorbed by the chamber's wall. Therefore it is 
reasonable to assume that the effects of the radiation heat from the burnt gas to the 
unburnt gas are negligible. 
3.3.3 Energy input from the spark 
The effect of ignition energy input from the spark has been reported by previous 
investigators [2,42,61,68]. They showed that the energy input from the spark had 
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negligible effect on the laminar burning velocity. Metghalchi and Keck [2,36] have also 
examined the effect of thermal boundary layer on the ignition electrodes, and they 
found this effect were negligible too. Figure 3.1 also shows that the electrodes used in 
this study had no effect on the flame. Therefore the effect of energy input from the spark 
and the thermal boundary layer on the ignition electrodes are regarded as being 
negligible. 
3.3.4 Uniform pressure and temperature distributions in the burnt gas zone 
In this study, the mixtures within the combustion chamber can be approximately 
assumed to be incompressible gases since the Mach numbers are less than 0.3. Hence 
the pressure within the combustion chamber is considered to be uniform. However, the 
burnt gas temperature cannot be assumed to be uniform during the combustion process. 
Due to the ongoing compression of the burnt gas during the combustion process, the 
first-burnt gas is compressed when the pressure in the combustion chamber increases 
during the combustion process [106,123]. Therefore there is a temperature gradient in 
the burnt gas zone. The temperature gradient in the burnt gas zone will increase the 
internal energy of the burnt gas, but decrease the flame temperature compared with that 
calculated using the two-zone combustion model. In this study, it has been found that 
the temperature difference in the burnt gas zone was large, the maximum value was 
several hundreds Kelvin, as shown in figure 3.2. Figure 3.2 shows burnt gas 
temperature against non-dimensional burnt gas radius at different pressures during the 
combustion process for 50%C)H8+50%n-C4HlO/air mixture at p; of 1.02 bar, 1'; of 
294 K and tjJ of 0.99. As can be seen in this figure, the burnt gas temperature increases 
quickly with the increasing non-dimensional burnt gas radius during the combustion 
process because of the compression by the increasing pressure in the combustion 
chamber. When the flame front nearly reaches the chamber's wall (non-dimensional 
rb =0.967 in this figure), the bumt gas temperature near the centre of the combustion 
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chamber was significantly higher than the burnt gas temperature near the wall of the 
chamber. In this case, the maximum temperature difference was over 400 K, nearly 
one-fifth ofthe burnt gas temperature near the chamber's wall. The burnt gas properties 
are calculated based on the temperature distribution, therefore the effect of temperature 
gradient in the burnt gas zone is significant and should be considered. 
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Figure 3.2. Burnt gas temperature at different non-dimensional rb and p during 
the combustion process in a spherical constant volume chamber against 
non-dimensional combustion chamber radius for 50%C3Hs+50%n-C4Hl0/air 
mixture [p,=1.02 bar, T, =294 K and ~=O.99) 
This effect has been included in the new combustion model in order to obtain a more 
accurate value of the laminar burning velocity, i.e. the change of burnt gas properties at 
each time step was considered, which follows the basic idea of the multi-zone 
combustion model developed by previous investigators [13,38,90). 
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3.3.5 Negligible flame thickness 
The flame thickness cannot be zero as assumed [35,62,124,125]. As shown in figure 
2.13, there is an existence ofa third zone in the combustion chamber, i.e. the flame zone. 
Andrews and Bradley [I] showed that the flame thickness changed with equivalence 
ratio for methane/air mixtures. For stoichiometric methane/air mixture, the flame 
thickness 5 measured by Andrews and Bradley [1] was about I mm. However the 
value of flame thickness increased as the mixture deviated from tP = I (e.g. 2.6 mm 
when tP = 0.6 for methane/air mixture). Though the flame thickness is small, the 
volume occupied by the flame increases quickly with the increasing flame radius as the 
combustion process proceeds. Therefore the effect of flame thickness cannot be 
neglected. 
3.3.6 Conclusions 
In this study, based on the analysis of the assumptions in the two-zone combustion 
model, the flame surface was regarded as being spherical and smooth, and the pressure 
distribution was regarded as being uniform due to the low Mach number during the 
combustion process. The effect of the heat loss within the combustion chamber and the 
effect of energy input from the spark were considered to be negligible. However, to 
obtain more accurate values of laminar burning velocity, the effect of flame thickness 
and the effect of temperature gradient in the burnt gas zone are included in the new 
combustion model as follows. 
3.4 New combustion model 
In this study, the flame front was treated as a third zone within the combustion chamber, 
thus the two-zone combustion model is developed to a three-zone combustion model. 
This was first named by Dahoe et al [125] when they investigated dust explosion in a 
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spherical vessel. In fact, Bradley and Mitcheson [109] described this idea first by 
including the effect of flame thickness in their work. Bradley and Mitcheson [109] gave 
the temperature distribution in the flame and calculated the value of flame thickness 
and the volume of flame front when they developed a computer code to calculate the 
laminar burning velocity in a spherical vessel using constant volume bomb method. 
Bradley and Mitcheson [109] used only volume conservation equation to determine the 
laminar burning velocity, therefore a new three-zone combustion model was developed 
in this study. 
In this three-zone combustion model, the flame front is treated as the third zone to 
include the effect of flame thickness on laminar burning velocity. The parameters in the 
flame front are added to the volume and the internal energy conservation equations of 
the two-zone combustion model, hence the equations (2-60) and (2-61) in the two-zone 
combustion model are changed to 
(3-5) 
(3-6) 
Where the subscript f denotes the flame front. 
The effect of temperature gradient in the burnt gas zone are included following Hill and 
Hung's [13] multi-zone combustion model to obtain a more accurate value of the 
laminar burning velocity. Hill and Hung's [13] multi-zone combustion model is based 
precisely on the two-zone combustion model. The basic idea of the multi-zone 
combustion model [13,38,90] is that the burnt gas zone is divided into K layers 
according to the time step during the combustion process, and the change of burnt gas 
properties in each layer at each time step should be considered, hence equations (2-60) 
and (2-61) are changed to: 
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k k 
V / M = (1- LX,)v, + LX,vb, 
i==l ;=! (3-7) 
k k 
U/M=(l- LX')u,+ LX,ub, 
i==l 1=1 (3-8) 
In this study, by combining the three-zone combustion model and the multi-zone 
combustion model, a new combustion model, which takes account of both the effect of 
flame thickness and the effect of temperature gradient in the burnt gas zone, is 
developed. The equations in this new combustion model are presented as follows. 
k k 
V / M = (1- LX, -Xf)V, +XfVf + Lx,vbi 
i=l ;=! (3-9) 
k k 
U / M = (1- LX, -Xf)U, + XfUf + Lx,ubl 
;=\ ;=1 (3-10) 
The laminar burning velocity determined from this new combustion model has been 
compared with that from the two-zone combustion model, it was shown that the 
maximum S, determined from the two-zone combustion model was under-predicted 
by approximately 1.5 - 2 cm / s for LPG/air mixtnres in this stndy. 
3.5 Calculation of unburnt and burnt gas properties 
To solve equations (3-9) and (3-10), the unburnt gas properties v" u, and the burnt gas 
properties Vb' Ub are required to ca1culat as follows. 
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3.5.1 Unburnt gas properties: v" T" y, and u, 
According to the assumptions in the two-zone combustion model, the unburnt gas is 
compressed adiabatically and isentropically corresponding to a given pressure p 
during the combustion process. Therefore 
yu- l 
r. = T,(pl p,) r. (3-11) 
v, = R,T, I p (3-12) 
It should be noted that the value of y, also changes with T" therefore an iteration 
method is used to calculate T, and y, as follows. 
Calculation steps: 
1) Calculate the unburnt gas constant, R, 
2) The specific heat of both fuel and air in mixture is a function of T" therefore the 
specific heat capacity of mixture Cp, can be calculated, Cp, = j(T,) 
3) Due to Cp , =Y,R, I(y, -1), therefore y, = Cp , I(Cp , - R,) 
yu- l 
4) Calculate T, = T, (p I Pi) r. 
5) Combine equations in step 2, 3 and 4, then an iteration equation of T, is obtained: 
T, =j(T"p) 
6) Choose T, as the initial value of T" then the value of T, and y, can be obtained 
when the iteration converges. 
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With the calculated Tu, the Vu can be determined by equation (3-12). 
The unburnt gas specific internal energy Uu is determined by the definition of enthalpy 
as follows 
Where hu is the absolute enthalpy of unburnt gases. 
The definition of hu is 
hu =enthalpy of formation at 25 ·C and I atm + sensible enthalpy 
relative to 25 ·C and I atm = hI + Cpu (Tu - (25 + 273.15» 
In which hI denotes the enthalpy offormation at 25 ·C and I atm. 
(3-13) 
(3-14) 
Calculate hu of fuel and air respectively, then the hu of the mixture can be obtained, 
(3-15) 
Where xfu'[ and X al, are the mass fraction of fuel and air in the mixture, respectively. 
With the calculated yu and Tu, hu can be calculated using equations (3-14) and (3-15), 
hence Uu can be determined using equation (3-13). 
3.5.2 Burnt gas properties 
The work of calculating equilibrium compositions and internal energy of the 
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combustion products for engine cycles has been the subject of numerous computer 
studies, a sample of which is given by references [126-131]. The calculation of the 
bumt gas properties depends on different chemical reaction mechanisms of the mixture, 
which have been developed by previous investigators [47,60,65,87,124,126,132-138]. 
For example, the NASA-Lewis program [131] is a very extensive code and includes 
thermodynamic data for hundreds of species, which can calculate equilibrium 
compositions and internal energy of the combustion products for engine cycles. Olikara 
and Borman [139] developed a Fortran program to compare with the NASA-Lewis 
program, and only dealt specifically with the gas phase products of combustion of 
hydrocarbon fuels (containing C, H, 0 and N atoms) and air. Olikara and Borman's 
[139] Fortran code has been modified and employed in this study to calculate the bumt 
gas properties. The chemical reaction mechanism developed by Olikara and Borman's 
[139] are given as follows. 
Olikara and Borman [139] made an assumption that the chemical reaction reached 
chemical equilibrium infinitely fast. Typically, major species of the combustion may be 
assumed to follow a shifting equilibrium process for thermodynamic purposes. 
Twelve species are chosen as combustion products in the chemical reaction mechanism. 
The following expression of chemical reaction is given under a given value of 
temperature, pressure and equivalence ratio for the burnt gas. 
[ 
n+mI4-112{ l] 
xl3 CnHmO,Nk + 1ft 0, +3.7274N, +0.0444Ar 
~ xlH +x,O+x3N +x4H, +x,OH +x.CO+x7NO+x,O, +x,H,O 
+ xlOCO, + xllN, + xl,Ar 
(3-16) 
Where Xl to x12 are the mole fraction of product species; the number x13 represents 
the moles of fuel that will give one mole of products; n, m, I and k indicate the 
number of atom of C, H, 0 and N in the hydrocarbon molecule. 
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After complicated derivation and using a Newton method to solve the non-linear 
equations, the values of Xl to Xl3 are determined together with other important 
properties of burnt gas such as enthalpy and specific internal energy. 
Limitations ofOlikara and Borman's [139] program: 
I) The range of the burnt gas temperature is 600 K to 4000 K. 
2) If ~>( n +0.25 m -0.51)/(0.5 n -0.51), then free carbon will definitely be formed, for 
example, the ~mn is 3 for CgH16. 
3) The products of combustion are assumed to be ideal gases, this assumption is 
not valid at extremely high pressures [140]. 
Fortunately, in this study, the maximum burnt gas temperature is less than 3000 K, and 
the selected range of ~ of the mixtures guarantee that no free carbon is formed during 
the combustion process. 
3.6 Calculation of gas properties in flame front 
In equations (3-9) and (3-10), the calculation of X f' v f and u f are based on the 
definition of flame thickness. Different definitions of flame thickness by previous 
investigators are reviewed and analysed firstly in this section. Based on the temperature 
distribution determined by using a basic energy equation in the flame front, the 
definition of flame thickness is reported in this section subsequently. 
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3.6.1 Definition of flame thickness by previous investigators 
Figure 3.3 shows a schematic temperature profile through a flame. In figure 3.3, T,g is 
the ignition temperature, the line AB is the tangent of the temperature curve at the point 
T,g. Therefore the flame front is divided into two zones: preheat zone op and chemical 
reaction zone 0, . The gas in the preheated zone is regarded as unbumt gas since there 
are almost no chemical reactions. All the chemical reactions are assumed to occur in the 
chemical reaction zone. 
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Figure 3.3. Schematic temperature profile through flame 
z 
Based on the temperature distribution in the flame front, there are a few arbitrary 
definitions of flame thickness as follows. 
Zeldovich [9-11] was the first to introduce the following well-known "characteristic 
thickness" based on their comprehensive thermal theory. 
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(3-17) 
Where a is thermal diffusivity. 
In which A is the thermal conductivity, C p is the specific heat with constant pressure 
and Pu is the density of un burnt gas. 
Gaydon and Wolfhard proposed restricting the preheated zone to the region between the 
region of ignition temperature and the point where the temperature has risen by just 1 % 
with reference to the temperature rise in the zone. From which it follows that the 
thickness of the preheat zone is 4.60. 
Spalding defined flame thickness as a ratio between the maximum temperature 
difference and the maximum temperature gradient, which occurs at the point of 
inflection of the profile. Since the maximum (( dT / dZ) m" occurs at the point, ig, 
Spalding's definition is exactly the same as that of Zeldovich. 
Based on the analysis of the definitions above, Jarosinski [141] gave a non-dimensional 
parameter S to define flame thickness, 
S=~o (3-18) 
a 
Where, 
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In fact, this definition is quite similar to that of Gaydon and Wolfhard, the basic idea of 
these two definitions is exactly the same. 
Turns's [142] simplified definition followed that ofSpalding. As shown in figure 3.4, 
Turns [142] assumed a simple linear temperature profile ranging from Tu to Tb over 
the small distance, t5 . In figure 3.4, the zone from 0 to t5 12 is the preheat zone, and the 
zone from t5 12 to t5 is the chemical reaction zone. The derived equation of flame 
thickness is 
t5 = 2.!!.... 
Su 
(3-19) 
Where, 
Compared with Zeldovich's definition [9-11], Turns's simple definition was 
unreasonable, because 
I) Only when the mean temperature gradient in the flame zone is quite large, can the 
curve of temperature distribution be assumed to be a line. 
2) Equation t5p =t5R has not been verified. 
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T=T" 
dT = 0 
dx 
+00 
Figure 3.4. Turns's simple linear temperature profile through flame front 
Tsatsaronis [124J gave a definition offlame thickness Le for methane/air mixtures. Le 
is the distance necessary for the methane species to decrease from 99% to I % of the 
methane concentration difference between the cold and hot boundaries. This definition 
appears reasonable, but to obtain the value of flame thickness, the concentration of fuel 
should be measured. 
There are few experimental data concerning flame thickness. Figure 3.5 shows the 
experimental data from Andrews and Bradley [1 J and Yamaoka and Tsuji [86J. 
Andrews and Bradley [IJ measured the flame thickness of methane/air mixtures by 
using a Gayhart-Prescott schlieren interferometer. Yamaoka and Tsuji [86J defined the 
flame thickness as the distance between the positions of the first temperature rise and 
the centre of the luminous flame zone. 
79 
Chapter 3 New combustion model 
11,-------------------------------------------------, 
10 
9 
e 8 
e 7 
~ 
" 6 ~ 5 
-= 
-
" 4 C 
os 
s:: 3 
2 
-Spline 
... Andrews & Bradley [21] 
): Yarraoka & Tsuji [47] 
O~----_r------r_----,_----~------~----~----~ 
0.4 0.6 0.8 1.2 1.4 1.6 1.8 
Equivalence ratio 
Figure 3.5. Flame thickness against equivalence ratio 
The definitions of flame thickness from previous investigators are arbitrary. For this 
study, the definition of flame thickness is based on the temperature distribution within 
the flame front since the gas properties (i.e. x f' V f and u f) for the flame front are 
functions of gas temperature. 
3.6.2 Definition of flame thickness used in this study 
As shown in figure 3.3, the flame zone is divided into two sections: preheated zone (Jp) 
and chemical reaction zone (J,) at the ignition point (T,g). The Ze1dovich number of 
the LPG/air mixtures relates the preheat zone thickness to the reaction zone thickness 
[50] as follows 
(3-20) 
Due to the complex nature of the processes that are undergone between the unburnt and 
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burnt gas, such as chemical reactions, a number of simplified assumptions have to be 
made. The key assumption in this study is that the activation energy EA of the LPG/air 
mixture is large. This yields a high Zeldovich number (order of 10 for LPG/air 
mixtures), which implies that the flame reaction zone is very small compared with the 
preheat zone, therefore, only the preheated zone is considered in this study. The main 
advantage of this assumption is that it is possible to consider the flame to be a pure 
thermal flame [141], where the entire heat of reaction is released very near the adiabatic 
flame temperature, i.e. 1",g = Tb as shown in the figure 3.6. 
As mentioned before, Gaydon and Wolthard proposed restricting the preheated zone to 
the region between the region of ignition temperature and the point where the 
temperature has risen by just J % with reference to the temperature rise in the zone. 
However, in this study, the flame thickness 5 is defined as the distance from point 
T = Tb to point T = Tu + 1 Kelvin. The J K increase in temperature in this study has 
been compared with experimental data of flame thickness from Andrews and Bradley 
[1) and Yamaoka and Tsuji [86), and it was shown that the calculated flame thickness 
was reasonable. 
It should be noted that the definition of flame thickness used in this study is reasonable 
compared with an arbitrary definition of flame thickness by previous investigators, 
because it is not the flame thickness that affects the laminar burning velocity, but 
actually the gas temperature distribution within the flame front has an effect on the 
laminar burning velocity. The following section gives details of the calculation of the 
gas properties within the flame front. 
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Figure 3.6. Simplified schematic temperature profile through flame 
3_6.3 Determination of temperature distribution and gas properties within the 
flame front 
The temperature profile within the flame front zone is determined by solving the 
following one-dimensional energy equation from Zeldovich, Frank-Kamenetsky and 
Semenov's comprehensive model [16] for this non-reacting preheating zone. 
(3-21) 
Wh T" - d
2T T' _ dT d F(T) _ p,S,Cp ere - , -- an -
dz 2 dz A 
Hence equation (3-21) is simplified as follows. 
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T" - F(T)T' = 0 (3-22) 
Boundary conditions: z ~ - 00 , T=Tu 
z~O (point ig), T = Tig = Tb 
Equation (3-22) can be obtained using the finite difference method and the iteration 
method as given below, With the calculated temperature distribution, the gas properties 
within the flame front (e,g, specific volume and specific internal energy) can be 
calculated, 
3.7 Solution techniques 
The finite difference and iteration methods, which are used to determine the gas 
temperature distribution within the flame front, are presented first in this section, The 
details of a simulated Newton method, which are used to solve the volume and the 
internal energy equation (i,e, equations (3-9) and (3-10» in the new combustion model, 
are presented subsequently, 
3.7.1 Finite difference method 
The idea of the finite difference method is given as follows, 
For a given general difference equation with given boundary value 
u(x)y"+v(x)y'+w(x)y = f(x) (3-23) 
Boundary conditions: yea) = a 
83 
Chapter 3 New combustion model 
y(b) = P 
The value of y(x) at equidistant nodes in the region a, b can be calculated as follows. 
The equidistant nodes are given by 
X; = a +i.h, i = O,I, ... ,n-1 
h=(b-a)/(n-I) 
Hence, y(xo) = yea) = a, y(xn_1 ) = y(b) = P 
Using the central difference to substitute y' and y", namely, 
Where y; = y(x,), 
Then equation (3-23) is changed to 
i = 1,2, ... ,n-2 
Hence the following equations can be derived, 
Where, 
h 
p, = u(x,) --vex;) 
2 
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q, = h'w(x,) - 2u(x,) 
h 
r, =u(x,)+-v(x,) 
2 
d, =h'!(x,) 
Equation (3-25) can be expressed using the following matrix 
qo ro 0 Yo do 
PI ql rl YI d, 
= 
0 Pn-, qn-' rn_2 Yn-2 dn_2 
Pn-I qn-I Yn-I dn_, 
Where qo =1, r, =0, do =a, Pn-I =0, qn-I =1, dn_, =/3 
Solving this matrix equation, the values of y(x) at equidistant nodes in the region a, 
b are obtained. 
3.7.2 Calculation of temperature distribution 
To solve the simplified energy equation Too - F(T)T' = 0 (i.e. equation (3-22», using 
pS C . 
the finite difference method, the term F(T) = 0 0 P must first be changed to 
A, 
function v(x). The term F(T) is based on an estimated temperature distribution within 
the flame front, therefore an iteration method is used to determine the temperature 
distribution within the flame front. A brief iteration procedure is given below. 
Step I Assume T = To =constant, then calculate F(T) 
Step 2 Calculate estimated initial temperature distribution (T" i = 0 ) using the finite 
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difference method, in which vex) = F(T) =constant. 
Step 3 Calculate F(T,) based on the calculated temperature distributionT,_1 
Step 4 Use Chebyshev curve fitting method to fit the equidistant point of F(T,), 
and F(T,) is substituted by a new function 
vex) = a + b.x + c.x2 + d.x J + e.x4 + f.x' 
Step 5 Calculate F(T,+I) using finite difference method for equation T" - v(x)T' = 0 
Step 6 Whether Max I T,+I - T, I < a given precision or not? 
Step 7 Yes=> End No=> Goto step 3 
END 
3.7.3 Simulated Newton Method 
The details of the simulated Newton method are given below. 
For non-linear equations, 
j,(X) = 0, i = O,l, ... ,n-1 (3-26) 
If the k th iterative approximation is assumed to be 
X (k) = (x (k) X (k) X (k)T o , 1 "." n-\ (3-27) 
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Then the equation of the k + 1 th Newton iteration is 
(3-28) 
Where 
F(X (k») = (r (k) r(k) f. (k»)T )0 ')1 "." n-l (3-29) 
(3-30) 
F(X) is a Jacobian matrix as follows 
ajo(X) ofo(X) ofo(X) 
oXo oXl oXn_l 
ajl(X) oJ;(X) oh (X) 
F(X) = oXo oXl Oxn_l (3-31) 
ajn-l (X) Ofn_' (X) Ofn_'(X) 
oXo Oxl oXn_l 
Where (3-32) 
In which ,,(k) = (" (k) ,,(k) ,,(k»)T u U o 'U1 ""'Un_1 
Therefore 
(3-33) 
(3-34) 
Substituting partial derivative in the Jacobian matrix for difference quotient gives 
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O!,(X(k» '" !,(xt» - !,(X(k» 
ox} h (3-35) 
Where h is initial value of increment. 
Together with 
(3-36) 
Then equation (3-33) is changed to 
,-I 
"L!,(xt»z/,) =f/X(k», i=O,I, ... ,n-1 (3-37) 
j~O 
Where 
(3-38) 
Finally, the calculation steps are given below. 
I) Choose estimated initial value: 
2) Calculate!, (X) => B(i), i = 0,1, ... , n-I 
3) If MaxIB(i)1 <" or not (Where" is value of precision) 
O~i:Sn-l 
No=> Goto step 4 
4) Calculate!, (X) => A(i, j), i, j = 0,1, ... , n-I 
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5) Solve algebraic equations AZ = B , in which Z = (zo,z" ... , Zn_l)' , also calculate 
n-l 
p=l- ~>j 
j=O 
6) Calculate x, - hz, / P ~ Xi> i = 0,1, ... , n-I 
7) Calculate t.h ~ h , and then go to step (2) until X meets the calculation precision. 
8) End 
It should be noted that, the properties ofbumt gas and unburnt gas: Ub ' Vb' Uu ' Yu and 
Vu will change with pressure p and flame temperature r;,. Therefore, to solve 
equations (3-9) and (3-10) using the simulated Newton method in each iteration, both 
the properties of burnt gas and unburnt gas, i.e. Ub ' Vb' Uu ' Yu and Vu' should be 
recalculated corresponding to the temperature and pressure calculated in each iteration. 
3.7.4 Initial estimated mass fraction burnt and flame temperature 
The estimated initial value of mass fraction burnt x is calculated using the linear 
equation (2-45) proposed by Lewis and von Elbe [108] due to its good approximation 
of the real value of x. Usually, the initial estimated value of Tb is chosen as the 
adiabatic flame temperature of the mixture in the combustion chamber. However, it has 
been proven in this study that for all fuel/air mixtures, the value of Tb is about 2000 K. 
Therefore, a fixed initial estimated value of 2000 K is chosen as the initial estimated 
value of Tb' The initial estimated value of 2000 K has been checked that it was 
sufficiently accurate to ensure that the calculation was convergent when using the 
simulated Newton method 
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3.8 Calculation procedure for the new combustion model 
A brief calculation procedure for the new combustion model is as follows: 
First, assume that there are eight pressure/time records as an example in the calculation, 
and also define the format of parameter (0) i 
Where j means number of presure/time record; 
i means i th iteration in the calculation. 
Other symbols included are: 
x: mass fraction burnt 
xI: mass fraction of the flame front 
VI : volume of the flame front 
vI: specific volume of the flame front 
rb: burnt gas radius 
Then the brief calculation procedure is 
START: 
Step 1: Initialize value of (o)i = (Vf,j), = (vI,)' = (xI,})' =0 (i=I,j=I-8) 
Step 2: Calculate (x), (j = 1- 8) using the simulated Newton method for the 
volume conservation equation and the internal energy conservation equation 
Step 3: Calculate (SU,})' (j = 1- 8) 
Step 4: Calculate temperature distribution in flame front using 
finite difference method and get (o} );'1 (j = 1- 8) 
Step 5: Calculate (Rb,})'+1 (j = 1- 8) 
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Step 6: Calculate (VI,)i+1 (j = 1- 8) 
Step 7: Calculate (v 1,)'+1 (j = 1- 8) 
Step 8: Calculate (x I,j LI (j = I - 8) 
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Step 9: 1fl(8)1+1 -(8),1 < a given precision or not? 
Step 10: No => (8), =(8)'+1; i = i + I and Go to step 2 
Yes => Go to step 11 
Step 11: Print and save results 
END 
Based on the new combustion model, a computer code, Su,c, which can calculate the 
laminar burning velocity for fuel/diluents/air mixture automatically, was developed to 
deal with the experimental pressure/time history, Details of this code are given in 
chapter 4, 
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Chapter 4 
Experimental apparatus and methodology 
4.1 Introduction 
In this study, a newly designed constant volume combustion chamber for measuring the 
laminar burning velocity of combustible mixture under high pressure and high 
temperature was developed by Loughborough University. This rigid and spherical 
combustion chamber was employed to carry out all the combustion experiments. 
Details of how to measure the laminar burning velocity using the constant volume 
bomb method are given in this chapter. 
First, the construction of the spherical combustion chamber, the mixture charge system 
and the leakage test of the chamber, are first described. In the section on the ignition 
system, the procedure of generating a spark is introduced; In addition, in order to input 
smaller ignition energy and to make the equivalence ratio reach the ignition limit of the 
mixture, the shape of the end of electrode and the distance of the gap between the two 
electrodes, are discussed in detail. The discussion about calibration of a key measuring 
instrument, i.e. the dynamic pressure transducer, is included in the section on the data 
acquisition system. Subsequently, a brief experimental procedure and the details of the 
experimental conditions, i.e. the selection ofthe experimental data for fuel/diluents/air 
mixtures are given in this chapter. Finally, a trendline method, which is used to 
determine the laminar burning velocity based on figures of both S" against p and S" 
against T, is discussed. 
4.2 Experimental apparatus 
A schematic layout of the experimental apparatus is shown ID figure 4.1. The 
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experiment rig is divided into four sections based on different functions: I) the 
spherical combustion chamber; 2) the mixture preparation system; 3) the ignition 
system; and 4) the data acquisition system. The details are given below . 
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4.2.1 Spherical combustion chamber 
A rigid and spherical combustion chamber desigued at Loughborough University is 
shown in figures 4.2 and 4.3. The internal diameter of this rigid and spherical 
combustion chamber, which is made of staiuless steel, is 160 mm. As shown in figure 
4.3, at the side of the chamber, there are two view windows, which will be used to do 
further research study using laser techniques in the future. For the current study, the two 
optical windows were removed and blanking plugs were inserted. These plugs were 
also used to maintain a near perfect sphere. For this study, a dynamic pressure 
transducer is used to record the pressure/time history during the combustion process 
within the chamber. 
Figure 4.2. Loughborough University's new combustion chamber 
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Figure 4.3.a. Coustant volume combustiou chamber designed at Loughborough 
University 
Figure 4.3.b. Constaut volume combustion chamber designed at Loughborough 
University 
As shown in figure 4.3.b, there are eight instruments access holes in the chamber's wall 
(except for the two view windows). One of eight holes is blocked, the two largest 
opposing holes are used to fix extended electrodes, the other five holes are connected to 
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a mixture inlet pipe, a vacuum pump, a digital thermometer, a digital manometer and a 
dynamic pressure transducer respectively. To increase safety when charging the system, 
a one-way valve was used between the vessel and the manifold. 
After construction, the combustion chamber was tested for safety. It showed that the 
maximum pressure resistance was 70 bar, which is more than 4S bar maximum 
combustion pressure measured in this study. 
4.2.2 Mixture charge system 
The mixture charge system is responsible for preparation of the desired fuel/diluents/air 
mixture under a certain Pi' T, and rp. It consists of 
1) A manifold, which is connected with a fuel cylinder, a diluents cylinder and a pure air 
cylinder. The outlet of the manifold is connected with the inlet pipe of the 
combustion chamber. 
2) A vacuum pump 
3) A digital thermometer, which uses a K-type thermocouple inside the combustion 
chamber (RS 206-3738) 
4) A digital manometer, which has a minimum pressure reading error of 1 mbar, 
(pressure range: 0-2 bar) (Digitron P200H.is) 
5)A pressure indicator (pressure range: 0-5 bar) (Druck DPI 201) 
6) Research grade fuel, diluents and air cylinders from BOC 
In practical operation, the combustion chamber is evacuated by the vacuum pump first 
(the residual pressure inside the combustion chamber is typically down to 6-10 mbar 
abs). Subsequently the fuel and the diluents are input using the manifold, and the partial 
pressures of the fuel and the diluents are measured by the digital manometer at the same 
time. Finally pure air is input until the pressure within the chamber reaches the desired 
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initial pressure P" The equivalence ratio can be calculated based on the partial 
pressures of fuel, diluents and air. The initial temperature, T" is measured by the digital 
thermometer before the combustion event within the combustion chamber is triggered. 
To make sure that the mixture inside the combustion chamber is quiescent and 
homogeneous, the chamber should be left to settle for at least 5 minutes, which has been 
suggested by previous investigators [14,26,30J. This has been verified in this study, and 
it showed that the pressure/time history didn't change at all when the mixture was left 
for 5 minutes, 30 minutes and 1 hour respectively. Therefore, 5 minutes was chosen as 
the interval in this study. 
As mentioned before, the combustion chamber is safe enough for its 70 bar of 
maximum pressure resistance, but with many holes in the chamber's wall as shown in 
figure 4.3, the leakage test must be carried out before all the experimental test. This is 
not only for the safety reasons but also because the more important thing is to make sure 
the compositions of the fuel/diluents/air mixture are measured accurately without 
leakage. In this study, it was found that the pressure changes by only 1 mbar in 5 
minutes when the mixture pressure within the combustion chamber is 6 mbar or 4 bar. 
That means for the initial pressure from 0.5 - 4 bar in this study, the change of the initial 
pressure and the equivalence ratio of the fuel/diluents/air mixture can be neglected. 
4.2.3 Ignition system 
To ignite the combustible mixture inside the combustion chamber, two modified 
extended car spark plugs, which were mounted in the chamber's wall, were used to 
generate a spark between the gap of the two extended electrodes at the centre of the 
spherical combustion chamber. A spark unit designed at Loughborough University 
supplied high voltage (10-20 kV) between these two electrodes to generate the spark. 
This spark unit also sends a 5 Volt trigger signal at the same time to the data acquisition 
system to acquire the pressure/time history of the combustion process within the 
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combustion chamber. 
To ignite a combustible mixture within the combustion chamber, the spark unit must 
supply minimum ignition energy and the distance of the gap between the two electrodes 
must be larger than the quenching distance. It has been found in this study that it was 
not easy for the electrode with a normal flat surface end to ignite the mixture especially 
when i/J was near the ignition limit even when the voltage between the two electrodes 
was raised to a higher level. In practice, an electrode with a sharp end can easily 
generate sparks and ignite a mixture within the combustion chamber even under the 
condition of a relatively lower voltage. Figure 4.4 shows one of the electrodes used in 
this study. Not only can it ignite the mixture more easily, but it also minimizes the effect 
of input of ignition energy. Compared with an electrode with a flat end, which generate 
a spark randomly between two parallel round surfaces, the electrodes with a sharp end 
can generate sparks between the two very sharp end points. For a combustion chamber 
with a small diameter, the electrode with a sharp end has a relatively greater accuracy of 
generating a spark at the centre of the combustion chamber with sufficient care. 
Figure 4.4. Spark plug with a sharp end of electrode 
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4.2.4 Data acquisition system and calibration of the pressure transducer 
At the same time as receiving the ignition trigger signal from the spark unit, the data 
acquisition system is triggered to acquire pressure/time history data. It consisted of 
I)A Kistler 601A dynamic pressure transducer (Serial number: 1015148); 
2) A Kistler charge amplifier (Type 5011); 
3) A 16-bit high-speed portable data acquisition unit (WAVEBOOKl516 ofIotech Inc.); 
4) A desktop computer 
The specifications of the Kistler 601 A dynamic pressure transducer, the Kistler charge 
amplifier and the WAVEBOOKl516 data acquisition unit are given in appendix 1. 
The Kistler 601A pressure transducer was mounted in the chamber's wall. The weak 
pressure signal generated by the pressure transducer was sent to the charge amplifier 
first, then an amplified voltage signal was sent from the charge amplifier to the portable 
Wavebookl516 data acquisition unit. When the trigger signal from the spark unit 
arrived, acquisition software (WaveView ofIotech Inc.), which has been installed to 
the computer system, started to acquire pressure/time history of the combustion process 
within the combustion chamber automatically, and finally save the experimental data to 
a computer file. 
The acquisition scanning rate was set to 1 lcHz, that means the data acquisition system 
measure the pressure per millisecond. In this study, most of the combustion processes 
finished in less than I second, only few combustion processes of lean mixtures take a 
little longer to finish, therefore the acquisition time was set to 3 ms, which is a sufficient 
time. 
The Kistler 6 I OA pressure transducer has a quartz pressure sensor with small 
dimensions, small value ofiinearity and high natural frequency. It is an ideal instrument 
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for measuring the dynamic pressure change within the combustion chamber during the 
combustion process. As mentioned previously, the pressure/time history is the most 
important experimental data in this study because the laminar burning velocity is 
mainly determined by the pressure/time history. According to the calculation in this 
study, even a small error in pressure would change the laminar burning velocity 
significantly, especially for the prepressure period, so this pressure transducer must be 
calibrated before the experiment. The pressure transducer together with the Kistler 
charge amplifier has been calibrated carefully using a regular hydraulic pressure 
calibration unit. Considering the maximum pressure for the combustion process ranged 
from 0 to 45 bar in this study, to measure more reasonable and accurate pressure 
experimental data, this pressure transducer was calibrated corresponding to three scales 
(i.e. 1,2 and 10), and three calibration curves were obtained. Figure 4.5 shows one of 
the calibration curves for the KistIer 601A pressure transducer. When the scale on the 
front panel of the charge amplifier was set to 1, 2 and 10 respectively, the corresponding 
maximum measurement pressure range was 0 - 10 bar, 0 - 20 bar and 0 - 100 bar 
respectively. 
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According to the curve in figure 4.5, the output voltage signal sent from the charge 
amplifier can be changed to pressure unit using a linear equation. This linear conversion 
equation can be input in the Waveview software, therefore the final pressure data 
recorded are in tile format of pressure unit bar, not in the format of voltage. 
4.3 Experimental steps 
In this study, over 200 combustion processes were recorded for different 
fuel/diluents/air mixtures. All the tests followed the brief experimental steps given 
below: 
1) Measure the atmosphere pressure Pausing barometer 
2) Measure the ambient temperature Ta using the digital thermometer 
3) Evacuate the combustion chamber and the manifold using the vacuum pump for 
at least 3 times 
4) Charge the chamber with fuel, diluents and pure air respectively using the 
manifold, and record partial pressures. Calculate equivalence ratio of the 
fuel/diluents/air mixture 
5) Wait for 5 minutes to make sure that the mixture inside the combustion chamber 
is quiescent and homogeneous 
6) Measure the initial pressure p, and the initial temperature T, of the mixture 
inside the combustion chamber 
7) Ensure that all the valves are closed before ignition and the computer is armed 
for the trigger signal from the spark unit 
8) Ignite the mixture and automatically acquire pressure/time history at the same 
time 
9) Evacuate combustion chamber quickly 
10) Save the original pressureltime history data to a computer file 
11) For further combustion experiments, repeat steps 3 - 11 
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4.4 Selection of experiment data for fuelldiluents/air mixtures 
The fuel/diluents/air mixtures used in this study are shown in table 4.1. 
Table 4.1 Fuel/diluents/air mixtures used in this study 
No. Fuel 
1. CHJAir 
2. C3Hs/Air 
3. n-C4HIOI Air 
4. C3Hs/Diluentsl Air 
5. n-C4HIO/Diluentsl Air 
6. C3HS (25% in volume)+ n-C4HIO (75% in volume)/Air 
7. C3HS (50% in volume)+ n-C4HIO (50% in volume)/Air 
8. C3Hs (75% in volume)+ n-C4HIO (25% in volume)/Air 
9. C3HS (25% in volume)+ n-C4HIO (75% in volume)/Diluents/Air 
10. C3HS (50% in volume)+ n-C4HIO (50% in volume) IDiluents lAir 
11. C3HS (75% in volume)+ n-C4HIO (25% in volume) IDiluents lAir 
The fuel, diluents and pure air gases used in this study were all supplied by BOC and 
the purity of each gas is given in Table 4.2. 
Table 4.2 Research grade gases used in this study 
No. Fuel, diluents or pure air Purity 
1. CH4 99.5% 
2. C3Hs 99.5% 
3. n-C4HIO 99.5% 
4. C3Hs (25% in volume)+ n-C4HIO (75% in volume) n-C4HIO: 24.84% 
C3Hs: 74.85% 
5. C3HS (50% in volume)+ n-C4HIO (50% in volume) n-C4HIO: 49.78% 
C3Hs: 49.88% 
6. C3Hs (75% in volume)+ n-C4HIO (25% in volume) n-C4HIO: 74.41 % 
C3Hs: 25.22% 
7. Diluents gases: 15%C02+85%N2 99% 
8. Pure Air 99% 
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For each combustion process, based on Pi' T" rjJ and the pressure/time history, a 
computer code Su.c, mentioned in chapter 3, was used to calculate the laminar burning 
velocity and other relevant parameters (e.g. Tb'S,) for the given fuel/diluents/air 
mixture. 
Before the experiment for LPG gas, to test the whole experimental system and the 
computer code Su.c, the experiment for CHv' Air mixtures was carried out first since a 
great deal of CH4/air experiment data from previous investigators are available to be 
compared. In this study, a detailed experiment database was built for CHJair mixtures 
within the ignition limitation at Pi =0.5 - 5 bar. 
Since the mam fuel compositions of the LPG gas are C3Hg and n-C4HIO, the 
experiments for C3Hs/air and n-C4HlO/air were also carried out. Considering the effect 
of diluents, the experiments for stoichiometric C3Hg/diluents/air and 
n-C4HIO/diluents/air mixtures in the range of Pi =0.5 - 4 bar were also carried out in 
this study. 
Finally, experiments for three types of LPG gas with different fuel compositions were 
carried out in the range of Pi =0.5 - 4 bar, T, = 298.15 ± 5 K and rjJ =0.6 - 2.0. 
Appendix 2 gives a list of all the combustion experiments in this study. Though some of 
the experiment data were discarded (e.g. the experimental data when rjJ nearly reach 
the ignition limitation), all the experiment data were recorded to make the database 
more complete. 
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4.5 Determination of the laminar burning velocity using trendline method 
In this study, for just one combustion event, many laminar burning velocity data 
corresponding to different P and T during the combustion process were determined. 
However, the more significant data is the laminar burning velocity at P = Pi and 
T = T, since it can be compared with other data from previous investigators under 
similar conditions of pressure and temperature. Unfortunately, the calculated value of 
Su under initial conditions using constant volume combustion method cannot be 
determined directly because the Su under initial conditions falls into the prepressure 
period of the combustion process, where the pressure/time history cannot be measured 
accurately. 
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Figure 4.6. Su against P for n-C4HIO/air mixtures [P, =2.002 bar, T, =295.15 K 
and ~=1.02J 
Figure 4.6 shows the noise of the laminar burning velocity in the prepressure period 
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(p < Up,), which is caused by the inaccuracy of the pressure transducer. Due to the 
small average pressure change in this noise section, even a small noise of pressure will 
have significant effect on the calculation of mass fraction burnt according to Lewis and 
Von Elbe's [108] linear mass fraction burnt equation. In this study, the value of Su in 
the noise section calculated using volume and internal energy conservation equations 
also changes a lot. As shown in figure 4.6, the value of the Su in the noise section 
definitely cannot be used as a directly measured value. Though the pressure/time 
history is accurate in the section near chamber's wall, where the pressure is over 600 
kPa in this figure, due to the effects of heat transfer to the chamber's wall, buoyancy, 
and cellular, this section was also discarded. Only the calculation results for the section, 
which is between the noise section and section near the wall, was chosen to be the final 
measured results. For each combustion process, the boundary of each section is chosen 
mainly by experience from figures of Su against p and Su against T. 
Two methods were used to determine the value of Su at P = p; and T = T,. The first 
method, which is a trend line method, is given below: 
Based on the following equation for a certain fuel/diluents/air mixture at a certain fjJ 
Su = Suo(; )a(..E..y 
, Po 
(4-1) 
Where, Suo is the laminarburning velocity at the standard conditions of Po = 1 atm and 
To = 298.15 K, a and f3 are the temperature and pressure exponents respectively. 
From equation (4-1), T and p have a power relationship with Su' hence the value of 
Su at initial conditions can be obtained by plotting and extending a power trendline of 
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the curves of Su against P (figure 4.7) and the curve of Su against T (figure 4.8) 
respectively. The Su determined using this trendline method was compared with other 
investigator's experimental data under the same conditions, and it was shown that the 
the Su determined using this trendline method agreed well with other investigator's 
experimental data. 
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Figure 4.7. Su against P for C3H8/Air mixture at P, = 1.006 bar and rjJ = 1 
The trendline method can only give one value of Su for each combustion process. 
Since there were many selected experimental data obtained for mixtures under the 
initial condition of P, = 0.5 - 4 bar, T, = 298.15 ± 5 K and rjJ = 0.6 -l.6, then all the 
selected experimental data for a certain fuel/diluents/air mixtures (e.g. CHJair mixtures) 
in section between noise section and cellularity section can be used to fit a general Su 
equation by using the second method, i.e. the least square regression technique. It is 
obvious that the Su calculated using the general Su equation is more reasonable since 
the equation is derived from a large mount of experiment data. The details of the least 
square regression are given in chapter 5. 
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Figure 4.8. Su against Tfor C3Hs/Air mixture at Pi = 1.006 bar and rfi = 1 
4.6 Closure 
How to get pressure/time history using constant volume combustion method in this 
study was illustrated first in detail in section 4.2 - 4.4. Section 4.5 gave information in 
how to choose experimental data based on figures of both Su against P and Su against 
T for a given combustion process. Based on the selected experimental data, the 
determination of the laminar burning velocity under the initial condition using the 
trendline method was reported. 
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Chapter 5 
Experimental results and discussion 
5.1 Introduction 
All the experimental results and discussion in this study are presented and divided into 
the following sections in this chapter. 
The first section gives the details of the least square regression technique, which has 
been used to obtain an empirical general equation for each fuel/diluents/air mixture and 
LPG/air mixture. The method for calculating the coefficients in the empirical general 
equation is reported in detail. A brief flow chart of the regression calculation is given at 
the end of this section. 
The second section gives the selection rule of the experimental data point for the 
regression calculation using the least square technique. Four basic figures (figures 5.3, 
5.4, 5.5 and 5.6) are used to explain how to choose the start and end point were chosen 
from the experimental data for a certain combustion event, i.e. the range of the 
experimental data for regression calculation. The non-dimensional burnt gas radius, i.e. 
non-dimensional rb method was chosen as the selection rule, and the advantage of this 
selection rule is discussed. 
The third section gives the coefficients in the empirical general equation for different 
fuel/diluents/air mixtures based on the least square regression technique and the 
selection rule of non-dimensional rb • 
The fourth section presents all the experimental results for different fuel/diluents/air 
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mixtures (excluding the LPG/air mixture) in this study. The experimental results of 
CHJair mixtures, which have been studied by many investigators, are given and 
compared with previous published data to check the rationality of the experimental 
constant volume bomb method used in this study. The experimental results for C3Hg/air, 
n-C4HIO/air, 75% C3Hg+25% n-C4HIO/air, 50% C3Hg+50% n-C4HIO/air and 25% 
C3Hg+75% n-C4HIO/air mixtures are given subsequently and compared with not only 
the results from regression calculation, but also published data from previous 
investigators. For disagreement between the experimental data and the results from the 
regression calculation, the reason is given and discussed. 
The experimental results of LPG/air mixtures are given in section five. However, to 
check the appropriateness of the empirical general equation for all the fuel/diluents/air 
mixtures (including LPG/air mixtures), and, in particular, to check the appropriateness 
of the form of the diluents/additives term in the empirical general equation, the 
experimental results of stoichiometric C3Hg/diluents/air mixtures and stoichiometric 
n-C4Hlo/diluents/air mixtures are also given in this section to present the effect of 
diluents/additives on the form of the diluents/additives term in the empirical general 
equation. 
Finally, a brief closure is given at the end of this chapter. 
5.2 Determination of laminar burning velocity using least square regression 
technique 
Many S" equations similar to equation (4-1) have been given by previous investigators. 
However, equation (4-1) can only give the general expression for a fuel/diluents/air 
mixture with fixed compositions (i.e. the value of the rjJ is fixed). For the 
fuel/diluents/air mixture in this study, to obtain an empirical general equation, the 
changes of both rjJ and diluents fraction were considered. Stone and Clarke (14] fitted 
the following complicated quartic nonlinear equation with five coefficients 
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(S,o ,S", S", S,J and S,,) to the experimental data for methane/diluents/air mixtures, 
(2-25) 
Where To = 298.15 K, Po = 1 atm, X is the diluents fraction, a o and a, are 
temperature exponents, Po and p, are pressure exponents, g , h and i are 
coefficients concerning the diluents fraction. 
Equation (2-25) is used in regressing experimental data for the fuelldiluents/air mixture 
in this study. However, compared with Stone and Clarke's [14] definition of X, a 
modified definition of X in this study is given in the following table. 
Table 5.1 Definition of diluents fraction X in this study 
X Fuelldiluents/air mixture 
CIL!/air, 
C3Hs/air, 
X=O,and n-C4Hlo/air 
g=O C3HS (25% in volume)+ n-C4HIO (75% in volume)/air; 
C3HS (50% in volume)+ n-C4HIO (50% in volume)/air; 
C3HS (75% in volume)+ n-C4HIO (25% in volume)/air; 
X= C3Hs/diluents/air 
Diluents fraction n-C4Hlo/diluents/air 
X= LPG/air mixtures, i.e. the following five type offuelldiluents/air 
Volume ratio of mixtures: 
n-C4HIO in the C3Hs/air, 
LPG gas n-C4HIO/air, 
C3HS (25% in volume)+ n-C4HIO (75% in volume)/air; 
C3Hs (50% in volume)+ n-C4HIO (50% in volume)/air; 
C3Hs (75% in volume)+ n-C4HIO (25% in volume)/air; 
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The twelve unknown coefficients in equation (2.25) can be solved by using some 
commercial least square technique softwares. Stone and Clarke [14] used NAG code 
[143] developed by Oxford University to calculate all these twelve coefficients 
gradually. However, it seems that the experimental data for stoichiometric 
fuel/diluents/air is definitely required in their calculation. The LSM software (least 
squares method computer program) developed by Mamczur [144]) is a very powerful 
and free software to calculate coefficients for a nonlinear equation. Mamczur 
confirmed that currently the maximum number of input experimental data in the LSM 
program is 2400. Unfortunately, the maximum number of experimental data selected in 
this study is about ten thousand. Therefore, finally, a regression code called Huigui.c, 
following the basic idea of the least square technique, was developed in this study. The 
details of the calculation are given below. 
5.2.1 Calculation of Suo, Su" Su2' Su3 and Su4 using least square technique 
For each selected experimental data, based on equation (2·25), the equation for Suo, 
Su" Su2' Su3 and Su4 is 
~o +~I(f-1)+~if-Jf +~(f-1)' +~'<f-1)4 = 
q, 
(5·1) 
Where ao, ai' Po, p" g, h, i are assumed to be constant and equal to the initial 
estimated value, hence, for all the selected experimental data, an overdetermined linear 
equations can be given below: 
(5·2) 
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Where 
S,.o 
S'I 
Su = S,., 
S,.3 
S,.4 
A= 
1 «~)I -1) 
1 «~), -I) 
«~)I _I)' 
«~), _I)' 
«~)I _1)3 
«~), _1)3 
«~)I _1)4 
«~), _1)4 
__ I ...J!..J. (1- g(X)1 (h+«;-I)/») (
T) )(a'+(;-I)a,)( ) )(P'+((')' I)P,) 
To Po 
B= 
__ j J!...L (1- g(X) j (h+(O-I)/») ( 
(T) )(.,+(;-I)a,) ( ) )(P'+«;»)"I)P') 
To Po 
In which j is the number of selected experimental data and j;" 5 . 
(5-3) 
(5-4) 
(5-5) 
Then Suo' SuI' Su" Su3 and Su4 can be calculated by solving this overdetermined 
linear equations using the least square technique. 
5.2.2 Calculation of ao' aI' Po and PI using least square technique 
Similar to the calculation of S,o , S,I' S" , S,3 and S,4 , for each selected 
experimental data, based on equation (2-25), the equation for ao' aI' Po and PI is 
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(5-6) 
Where Suo, SuI' Su2' Su3' Su4' g, hand i are assumed to be constant and equal to 
the initial estimated value, then for all the selected experimental data, an 
overdetermined linear equations can be given below: 
Where 
A= 
AE=B 
ao 
E= 
al 
Po 
PI 
1 « (6)1 - 1) 
1 « (6)2 - 1) 
1 CC (6\ - 1) 
1 «((6)2-1) 
In which j is the number of selected experimental data and j ~ 5 . 
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Then aa, aI' Po and PI can be calculated by solving this overdetennined linear 
equations using the least square technique. 
5.2.3 Calculation of g using least square technique 
For each selected experimental data, based on equation (2-25), the equation for g is 
gx (h+(;-II'I) = I-S .,0 .,1 .,2 _ .!!... . {(S +S (~-I)+S (~-I)'+J(TJ("'+(;-lla'l( J(I%+(;-III\IJ 
• J A. 4 7' S.,,(~-I) +S.,4(1"-1) '0 Po 
(5-11) 
Where Suo, S." S.2' S.3' S • ., ao, ap Po, p" hand i are assumed to be constant 
and equal to the initial estimated value, then for all the selected experimental data, an 
overdetennined linear equations can be given below: 
gA=B (5-12) 
Where 
(5-13) 
l-(S) u,o u,I'I'1 u,2 I _I b 
{[
S +S «~) -I)+S «,p) -1)2+J(T) )(0,'«;1,-'1",)( ) J(P .. «;h-OPilJ 
" S,,,«,p\ _I)' +S,,4«,p), _1)4 To Po 
B= : 
{(
S +S «~) -I)+S (,p-1)2+1(T) J10"«;),-,)0')( ) )(P"«')roP'») l-(S) u,o u,1 'f' J u,2 _J .£..L 
'j S',,«~)J-I)'+S'''«~)J-I)4 To Po 
(5-14) 
In which j is the number of selected experimental data and j ~ 5 , 
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Then g can be calculated using the least square technique. 
5.2.4 Calculation of hand i nsing least square technique and simulated Newton 
method 
For each selected experimental data, based on equation (2-25), the equation for hand 
i is 
(5-15) 
Where Suo, SuI' Su2' Su3' Su4' ao' ai' Po, PI andg are assumed to be constant and 
equal to the initial estimated value. Following the basic idea of least square technique, 
for all the selected experimental data, 
j 2 
F (h, i) = L ~X (h+«")rl)I) - (B) ii)} = minimum 
jj = I 
Where 
In which jj = 1 - j . 
(5-16) 
(5-17) 
When the function of F (h , i) reaches its extremum. h and i can be determined by 
the following two equations, 
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(5-18) 
(5-19) 
These two nonlinear equations can be solved using a simulated Newton method, then h 
and i can be obtained 
The following gives a brief flow chart ofleast square regression calculation: 
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Input all the selected experimental data point automatically 
Give the initial estimated value of twelve coefficients ( n = 0 ) 
Calculate S" .... S" using the least square technique 
O,n+\ 4 .• +. 
Calculate ao, ai' /30 and /31 using the least square technique 
Calculate g using the least square technique 
Calculate hand i using the least square technique and simulated Newton method 
No then n = n + 1 
Yes 
End 
Figure 5.1. Brief flow chart of least square regression calculation 
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5.3 Selection rnle of experimental data for regression calculation 
As discussed before, in calculating the twelve coefficients in the empirical equation 
(2-25) for fuel/diluents/air mixtures, not all the experimental data are used in the 
regression calculation. For each combustion event, the measured laminar burning 
velocity in the noise section and the cellularity section cannot be taken into account. 
Therefore, the problem is how to determine the range of the section that should be used 
in the regression calculation, i.e. how to determine the end point of the noise section 
and the start point of the cellularity section. 
Actually, the range of the selected area can be chosen manually for each combustion 
event with the decision being informed by experience. For over 200 combustion events, 
this would be difficult and time consuming. In particular, it is difficult to determine the 
area when the curve of Su against p is complicated. In addition, unfortunately, there is 
little previous experience of the selection rule, which exacerbates the problem. 
Therefore, a new rule of selection of the experimental data has been established in this 
study based on the analysis of the combustion process. It is called the rule of 
non-dimensional rh and this is given in details as follows. 
For a certain combustion event of a fuel/diluents/air mixture at a certain P" T, and t/J , 
to determine the boundary of experimental data area for regression calculation, the key 
is to analyse the combustion process from start to end. Hence it is possible to decide 
which pressure/time area can be discarded. Pressure, temperature and even flame 
thickness may be involved in this analysis, so four basic figures for this fuel/diluents/air 
mixture are analysed here first. 
5.3.1 Basic figures for each combustion event 
A typical combustion event for a nearly stoichiometric n-C4HlO/air mixture at P, of 
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2.002 bar and T, of295.15 K is chosen as an example here. 
Figure 5.2 shows the pressure rise, flame thickness and volume percentage ofthe flame 
thickness in the spherical combustion chamber against the non-dimensional rh' 
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Figure 5.2. Pressure rise, flame thickness and volume percentage of the flame 
thickness in the spherical constant volume chamber against non-dimensional 
burnt gas radius for n-C4HJo/air mixtures [P, =2.002 bar, T, =295.15 K and 
~=1.021 
Figure 5.3 shows the pressure dependency of the laminar burning velocity for 
n-C4HlO/air mixtures. 
Figure 5.4 shows the temperature dependency of the laminar burning velocity for 
mixtures. 
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Figure 5.3. Pressure dependency of the laminar burning velocity for n-C4HIO/air 
mixtures [p, =2.002 bar, T, =295.15 K and ~=1.021 
60r-------------------------------------------------, 
O+---------r-------~--------_r--------_r------~ 
290 340 390 440 490 540 
Unburnt gas temperature (K) 
Figure 5.4. Temperature dependency of the laminar burning velocity for 
n-C4H\0/air mixtures [p,~2.002 bar, T, ~295.15 K and ~=1.021 
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Figure 5.5 shows the corresponding value of the laminar burning velocity as a function 
of non-dimensional rh from the central ignition point to the wall of the spherical 
combustion chamber. 
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Figure 5.5. Corresponding value of laminar burning velocity as a function of 
non-dimensional rh from central ignition point to the wall of the spherical 
combustion chamber for n-C4HlO/air mixtures [p; =2.002 bar, T, =295.15 K and 
~=1.021 
5.3.2 Determination ofthe end point of the noise section 
The rule of selecting the end point of the noise section is that the pressure at that point 
should be high enough compared with initial pressure p,. This is because of the 
inaccuracy of the pressure transducer at pressures near p" but more importantly, the 
value of the laminar burning velocity changes a lot in the so-called prepressure period 
(p < Up,) as shown in figures 5.3 and 5.4. While the point at p ~ Up, cannot be 
chosen as the end point of the noise section, as can also be seen in figures 5.3 and 5.4, 
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the value of laminar burning velocity at the point of p = 1.1 P, does not increase 
smoothly. This means that if the point of p = 1.1 P i is chosen as the end point of the 
noise section, then many noise experimental points will be included in the regression 
calculation, hence the results of the regression calculation would definitely not be 
reasonable. Certainly, a different pressure factor, such as 1.15 or 1.2, could be used to 
determine the end point of the noise section, but that would only be for this combustion 
event. For all the combustion processes in this study, it is not possible to choose a fixed 
pressure factor. 
Compared with using pressure as axis in figure 5.2, using non-dimensional rb as the 
axis in figure 5.5 extend the noise section, so the end point of the noise can be easily 
chosen (it is r" =0.6 in figure 5.5). Most important of all, it has been found the end point 
of the noise section was usually in the range of rb from 0.5 - 0.6 for all the combustion 
events in this study, therefore the point at rb =0.6 was chosen as the end point of the 
noise section. 
5.3.3 Determination of the start point of the cellularity section 
The start point of the cellularity section mainly depended on the analysis of the 
cellularity phenomenon. Figures 5.3, 5.4 and 5.5 show that the value oflaminar burning 
velocity has a rapid acceleration at rb =0.9, this is attributed to the formation of a 
cellular flame from the position of rb =0.9. Markstein has reported that cellularity is a 
phenomenon in which a certain flames have a dimple surface, therefore the dimple 
surface increases the surface area of the flame front compared with that of a spherical 
and smooth flame surface. In the new combustion model used in this study, the area of 
the flame front in the cellularity section is still calculated as a spherical surface, which 
is smaller than the area of the dimple flame surface, thus yielding a misleading high 
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value of Su in the cellularity section based on the Su equation (2-62) which can be 
seen from figures 5.3, 5.4 and 5.5. The calculated Su in the cellularity section is higher 
than the real value of Su , therefore the cellularity section cannot be used in the 
regression calculation. 
It was found that not all the combustion events had an obvious cellularity section, but 
for the combustion events with a cellularity section, the start point of cellularity section 
is usually at non-dimensional r, ~0.9. Though some combustion events (e.g. 
stoichiometric n-C4HlO/air mixtures at Pi of I bar and T, of 298.15 K) have only a 
small cellularity section even start from non-dimensional r, ~0.9S - 0.98. However, 
because of effects of bouncy and heat transfer to the chamber's wall, the experimental 
data from non-dimensional r, ;:: 0.9 to the chamber's wall were not considered in this 
study, thus the point of non-dimensional rb ~O.9 was chosen as the start point of 
cellularity section, Le. the end point of the selected experimental data area for 
regression calculation in this study. 
5.3.4 Discussion of the selection rule of non-dimensional r, 
For each combustion event, the selected data are chosen from non-dimensional r, ~O.6 
- 0.9. Though it seems that better results can be obtained ifthe experimental data can be 
chosen for each combustion event manually, it has been mentioned before that the noise 
section and cellularity section are chosen manually based on experience, so this cannot 
guarantee whether the end point of noise section is reasonable or not. Actually, to 
investigate the difference between the selection rule of non-dimensional r, and the 
manual method, some typical combustion events have been calculated using both the 
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rule of non-dimensional rh and the manual method. It was found that the difference 
between the results based on these two methods was negligible. However, for the 
manual method, sufficient care must be paid for each combustion event. While for the 
rule of non-dimensional rh' only non-dimensional rh = 0.6 - 0.9 is simply chosen in 
the computer program, so this saves a lot of time, and more importantly, by changing 
. the range of non-dimensional rh in the computer program, regression results 
corresponding to different ranges of non-dimensional rh (e.g. non-dimensional rh =0.6 
- 0.8, or non-dimensional rh =0.5 - 0.9) can be obtained and compared. In particular, 
the effects of the noise section and the cellularity section on the empirical equation can 
be studied by choosing a different range of non-dimensional rh' 
5.4 General empirical equation using the least square regression technique 
Based on the least square regression technique and the section rule of non-dimensional 
rh' in this study, the calculated twelve coefficients in the complex non-linear empirical 
equation (2-25), which can be used for predicting the laminar burning velocity of 
different fuel/diluents/air mixtures (include LPG/air mixture), are given in the 
following table. 
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Table 5.2 
Coefficients for different fuel/diluents/air mixtures calculated using the least square 
technique in this study 
LPG ~H4 ~,H. ~-C4HJO /75% 50% ~5% C,H. n-C4HJo 
Gas Ie,H. C,H. C,H, 
f!"25% +50% ft75% + 
[n-C4HJO n-C4HJO n-C4HJo Diluents Diluents 
Vol. Per. In Fuel 
CH4 0 100 0 0 0 0 0 0 0 
C,H. 0-100 0 100 0 75 50 25 100 0 
n-C4HJo 0-100 0 0 100 25 50 75 0 100 
Diluents 0 0 0 0 0 0 0 0-20 0-20 
(l5%CO, 
+85%N,J 
p; (bar) 0.5 -4 0.5-5 0.5 -4 0.5 -4 0.5 -4 0.5 -4 0.5 -4 0.5 -4 0.5 -4 
rp 0.7 - 1.4 0.6 - 1.4 0.7-1.4 0.7 - 1.6 0.7 -1.4 0.7 -1.4 0.7 - 1.6 1.0 1.0 
rh 0.6 -0.9 0.6- 0.8 0.6 -0.9 0.6 -0.8 0.6 - 0.9 0.6 - 0.9 0.6- 0.8 0.6 - 0.8 0.6 - 0.8 
S.O 0.369 0.383 0.36 0.387 0.382 0.389 0.382 0.397 0.382 
S •. I 0.276 0.1005 0.264 0.372 0.378 0.286 0.338 0 0 
S.z -1.335 -2.626 -1.271 -1.086 -1.412 -1.347 -1.121 0 0 
S., -1.085 0.0146 -0.980 -1.953 -1.546 -0.362 -0.425 0 0 
S •• 2.914 6.042 1.679 2.855 3.280 1.710 0.725 0 0 
ao 1.895 1.973 1.915 1.249 1.963 2.054 1.775 1.456 2.017 
a l -1.252 -1.175 -0.987 -2.758 -0.977 -1.068 -1.190 0 0 
/lo -0.210 -0.421 -0.208 -0.199 -0.207 -0.220 -0.199 -0.186 -0.219 
fll 0.481 0.232 0.405 0.319 0.423 0.404 0.353 0 0 
g 
-0.059 0 0 0 0 0 0 1.183 1.693 
h I 1 I I I I 1 0.421 0.647 
i 0 0 0 0 0 0 0 0 0 
125 
Chapter 5 Experimental results and discussion 
It should be mentioned here that the results from the regression technique definitely 
cannot agree perfectly with each single set of experimental data since the calculated 
coefficients for each fueVdiluents/air mixture are regressed based on the collectivity of 
the selected experimental data of each combustion events for this type 'of 
fueVdiluents/air mixtures. This is analysed in the following section. 
5.5 Experimental results 
The experimental results for all types of fuel/diluents/air mixtures are given in this 
section. Three basic figures are presented for each type offueVdiluents/air mixture. 
The first basic figure (e.g. figure 5.6) shows the laminar burning velocity against rjJ at I 
atm and 298.15 K, this is to show the effect of rjJ on the laminar burning velocity. In the 
first basic figure, both experimental single values extrapolated using trendline method 
and the calculated results from the empirical general equation are plotted to show the 
difference. The results are also compared with previous investigators' published data 
(experimental single values or empirical equation for this type of fuel/diluents/air 
mixture). 
The second basic figure (e.g. figure 5.7) shows the pressure dependency of laminar 
burning velocity for stoichiometric fueVdiluents/air mixture at a temperature of298.15 
K. Similar to the first basic figure, the single value of experimental results obtained 
using the trendline method, the regression results and other investigators' published 
data are given and compared in the second basic figure. 
The third basic figure (e.g. figure 5.8) is the comparison of the regression results with 
the experimental data of five combustion events of stoichiometric fuel/diluents/air 
mixtures at initial pressure of 0.5, 1,2,3 and 4 bar respectively. The third figure shows 
the similarity of the experimental results and the results from regression calculation. 
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Actually, in this experimental study, the 1ft of each combustion event cannot be exactly 
1, therefore, to make the comparison more reasonable, in the calculation using the 
empirical general equation (2-25), the measured experimental value of 1ft instead of 1 
is substituted into the empiricallaminar burning velocity equation (2-25). 
It should be mentioned that, for each type of the fuel/diluents/air mixture (except 
LPG/air mixtures), the regression results are calculated based on their own empirical 
general equation, i.e. the regression equation obtained from only the experimental data 
ofthis type of fuel/diluents/air mixture. 
While for the LPG/air mixture, all the experimental data of the C3Hg/air, n-C4HlO/air, 
75% C3Hg+25% n-C4HJO/air, 50% C3Hg+50% n-C4HJO/air, and 25% C3Hg+75% 
n-C4HIO/air mixtures are used to obtain the empirical equation for the LPG/air mixture 
in this study. 
The following sections are given to show the experimental results for the CHJair, 
C3Hg/air, n-C4HJO/air, 75% C3Hg+25% n-C4HJO/air, 50% C3Hg+50% n-C4HIO/air, 25% 
C3Hg+ 75% n-C4HIO/air, LPG/air, C3Hg/diluents/air and n-C4HJO/diluents/air 
mixtures respectively. 
5.5.1 Experimental results for CH4/air mixtures 
The laminar burning velocity of a methane/air mixture has been investigated using 
different methods by many previous investigators [1,14,15,19-24,145]. Figure 5.6 
shows the laminar burning velocity against 1ft at P, of 1 atm and T, of 298.15 K for 
CH4/air mixtures. The measured value of laminar burning velocity and the results of 
regression calculation using the empirical equation for CHJair mixtures in this study 
are also compared with previous published data. The solid line is the results from 
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regression calculation in this study, and the range of!/J is from 0.6 - 1.4 according to 
the condition of the regression. The comparison in this figure shows that, with the 
exception of results from Andrew and Bradley [IJ, Gibbs and Calcote [24J, and 
Egolofopoulos and Law [23], all other published data of the laminar burning velocity 
are very close. The measured laminar burning velocity in single value and regression 
results from this study agree reasonably well and it shows a similar trend for laminar 
burning velocity with some variation in slope. 
It was found that different experimental methods could have significant effect on the 
results of the laminar burning velocity of CHJair. As shown in this figure, the 
maximum Su' i.e. Su(m,,) changed a great deal. Andrew and Bradley [IJ obtained a 
high maximum Su(m",) of 43.57 cm / s , Gibbs and Calcote [24J obtained a higher value 
of 44.8 cm / s . It seems that the results from the constant volume bomb method are 
always lower than those using other experimental methods. The maximum laminar 
burning velocity in this study for stoichiometric CHJair mixtures at 1 atm and 298. 1 5 K 
was only about 38.45 cm/ s. Actually, Hill and Hung [13J used a very similar constant 
volume bomb method and they obtained an even lower Su of 32.9 cm/ s for 
stoichiometric CH4/air mixtures at 1 atm and 298.15 K. 
Figure 5.7 shows the pressure dependency of the laminar burning velocity for 
stoichiometric CH4/air mixtures at temperature of 298.15 K. Here, the experimental 
results using the trendline method and the regression results in this study are compared 
with results from Hill and Hung [13], Andrews and Bradley [IJ, Taylor [IS] and Stone 
and Clarke [14 J. 
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Figure 5.7. Pressure dependency oflaminar burning velocity for stoichiometric CH4/air mixtures at temperature of 298.15 K 
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The single values ofthis study agree very well with the results from Hill and Hung [13]. 
Hill and Hung [13] used a very similar constant volume bomb method to the one used in 
this study, but only a two-zone combustion model was employed by them in the 
determination oflaminar burning velocity. Hill and Hung [13] fitted experimental data 
on logarithmic plots to a power law dependency of the following form for 
stoichiometric CH4/air mixtures. 
(5-20) 
Where To = 298.15 K, Po = I atm, Suo is 32.9 cm/ s, the temperature exponent a is 
1.8 and the pressure exponent J3 is -0.299. 
The Suo from Hill and Hung [13] was lower than the value of38.3 cm/ s obtained in 
this study. However it should be mentioned that all the experimental data for CHJair 
mixtures (not just stoichiometric mixtures) were used to calculate the empirical 
equation (2-25) in this study, therefore the Suo was also affected by the experimental 
data with tjJ 0/' 1 . If only stoichiometric mixtures are taken into consideration in this 
study, then the Suo, a and J3 in this study are 32.766 cm / s, 2.007 and -0.3136 
respectively. These values are very close to that from Hill and Hung [13]. Since an 
almost identical method to that of Hill and Hung [13] was used in this study, it can be 
seen that the results from this study show a good level of agreement with other results 
obtained using the constant volume bomb method. 
Correlation for the laminar burning velocity of CHJair mixtures measured in a free-fall 
constant volume bomb experiment by Stone and Clarke [14] showed the Suo of 37.6 
cm/s, a of 1.42 and J3 of -0.314. They calculated the coefficients using the NAG 
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program [143] for CH4/air mixtures at temperature and pressures within the range of 
293 - 454 K and 0.5 - lOA bar respectively. The S,o of38.3 cml s for CHJair in this 
study was quite close to that from Stone and Clarke [14]. The pressure exponent from 
Stone and Clarke [14] was -0.314, which is quite close to that from Hill and Hung [13], 
so the curve plotted in figure 5.7 shows a similar trend to that of Hill and Hung [13] and 
the single value in this study. However, because of the larger S,o obtained by Stone and 
Clarke [14], the curve is directly above the curve from Hill and Hung [13]. 
Andrew and Bradley [I] obtained the following equation for pressure dependency of 
the laminar burning velocity for stoichiometric CH4/air mixtures at T, = 298 K 
S, = 43.3p-o" (cmls) (5-21) 
Where p is the pressure in atmospheres. 
Compared with the Sua and jJ from Andrew and Bradley [I], it seems that the Suo 
from the constant volume bomb method (include this study) gives a lower value, but the 
pressure exponent jJ is larger than that from Andrew and Bradley [I]. This may be 
attributed to 
I) The considerable scatter (10 cml s) m the S, of stoichiometric CHJair 
mixtures at p atm and Tatm 
2) The difference in the experimental methods used. 
Figure 5.8 shows the comparison of the experimental results for five stoichiometric 
CHJair mixtures at different initial pressure (0.5, I, 2, 3 and 4 bar) with the regression 
calculation results. 
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Figure 5.S. Comparison of the experimental results for five stoichiometric CH4/air 
mixtures at different initial pressure (0.5, 1, 2, 3 and 4 bar) with the regression 
calculation results 
The corresponding tjJ is 1.01, 1.002, 1.003, 1.007 and 1.003 respectively. The 
non-dimensional rh is in the range of 0.6 - 0.8. It can be seen from this figure that the 
curve of Su moves toward the bottom right with increasing initial pressure. For these 
five combustion events, the temperature T changes from 300 K to 600 K, but the 
pressure p changes from 0.5 - 8 bar, so the maximum T / To is only about 2, while the 
maximum p / Po could be 7 or higher. Therefore, according to the equation of the 
laminar burning velocity (5-20), the effect of pressure dominates the curve for each 
combustion events more than the temperature. 
Figure 5.8 also shows that the results from regression calculation agree well with the 
experimental data at initial pressure of 2, 3 and 4 bar, while the value from regression 
calculation is higher than that of the experimental data at initial pressure of 0.5 and 1 
bar, particularly for the case with initial pressure of 0.5 bar. This can be attributed to the 
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following two possible reasons. 
The first reason is the range of the error of the experimental data. For the constant 
volume bomb experimental method, the laminar burning velocity is deduced from the 
measured pressure/time history, though the measured pressure/time history are very 
reproducible, the value of the laminar burning velocity is very sensitive to the 
pressure/time curve. For example, Metghalchi and Keck [2] made four identical runs 
for stoichiometric C3Hg/air mixtures at Pi =1 atm and 1', =298 K using a constant 
volume bomb rig which was quite similar to the one used in this study. Metghalchi and 
Keck concluded that the difference ofthe pressure /time history is not significant, as the 
measured maximum pressures and times at which maximum pressures occurred are 
very close for all four runs. However, the curve of the laminar burning velocity for all 
four runs, which was calculated based on the two-zone combustion model by them, 
shows that the maximum difference oflaminar burning velocity at same pressure can be 
3 cm/so Since the curve for Pi =0.5 and I bar in this figure of this study are only 
obtained from one run, it can be predicted that, if identical runs at Pi =0.5 and I bar for 
CHJair mixtures were made in this study, a closer curve compared to the present curve 
may have been obtained. The experimental results do change even for an identical run 
under the same initial conditions, so the experimental data for P, =0.5 and I bar in this 
figure are considered reasonable. 
The second reason is the range of the selected experimental data for the regression 
calculation. If only the experimental data for CHJair mixtures at Pi =0.5 or I bar are 
chosen for regression calculation, then the curve from the regression calculation will fit 
the experimental data very well. However, the regression calculation was based on all 
experimental data for CHJair mixtures, i.e. the experimental data for the regression 
calculation in this study were selected from all experimental data of CHJair mixtures 
with different P" 1', and rjJ . Therefore, the calculation results, which were based on 
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the least square regression technique, cannot be expected to fit the experimental data 
very well for each combustion event of CHJair mixture. 
It should be mentioned that the two reasons presented above are also suitable for the 
analysis of the corresponding figures of ClHs/air, 75% ClHs+25% n-C4HlO/air, 50% 
ClHs+50% n-C4HIO/air, 25% ClHs+75% n-C4HlO/air and n-C4H10/air mixtures. 
Figure 5.9 shows the comparison of the regression calculation results with the 
experimental results for CHJair mixtures at the same initial pressure of I bar with 
different rjJ (0.83, 1.002 and 1.3). The effect of rjJ can be seen in this figure with the 
stoichiometric CHJair mixture having a higher Su than that of the other two mixtures 
with rjJ =0.83 and 1.3 respectively. 
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Figure 5.9. Comparison ofthe regression calculation results with the experimental 
results for CHJair mixtures at the same initial pressure of 1 bar with different 
initial rjJ (0.83, 1.002 and 1.3) 
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The experimental data at r/J =1.0 in figure 5.9, which has been analysed in figure 5.8, is 
lower than the regression calculation results. The regression calculation results agree 
well with the experimental data at r/J =0.83 in this figure. The experimental data at 
r/J =1.3 are higher than the regression calculation results. For the same reason 
mentioned before, if only the experimental data for r/J = 1.3 were used for the regression 
calculation, the curve of the regression calculation would fit the experimental data well. 
5.5.2 Experimental results for C3Hs/air mixtures 
As one of the components of the LPG gas, the experimental results ofC3Hs/air mixtures 
in this study are presented below. 
Figure 5.1 0 shows the laminar burning velocity against r/J at Pi of I atm and T, of 
298.15 K for C3Hs/air mixtures. Previous published experimental data by 
[2,15,20,24,44,47,116-120] are also plotted in this figure. The solid curve represents 
the results from regression calculation in this study, with the range of r/J from 0.7 - lA, 
according to the condition of the regression. It can be seen that the results from 
regression calculation agree reasonably well with the experimental data in this study. 
With the exception of the higher value of laminar burning velocity from Egolfopoulos 
et al. [116], Law et al.[119], Warnatz [120] and Gibbs and Calcote [24], both the 
experimental data and the results from regression calculation in this study agree well 
with other previous investigators' results. 
All the curves and data plotted in figure 5.10 shows that the Su(m~) is in the r/J range of 
1.05 - 1.1. The laminar burning velocity from experimental data and regression 
calculation in this study are 35.1 cmls and 36.26cmls respectively. However the 
value of laminar burning velocity from previous investigators at r/J = 1 varies from 33.5 
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cm / s to 45.6 cm / s. The large difference of the laminar burning velocity for 
stoichiometric C3Hs/air mixture (12.1 cm / s) shows that, though the laminar burning 
velocity is a fundamental parameter for a given combustible fuel/air mixture, the 
correct and reasonable experimental value of the laminar burning velocity is still very 
difficult to determine. Though different experimental methods have been employed by 
previous investigators, different values and even incompatible results were given about 
the S" . The results of different investigators can differ greatly even when they have 
used the same experimental method. Hill and Hung (13] correlated the measured value 
of S" for stoichiometric C3Hs/air mixtures using the constant volume bomb method 
and they got Suo of34.2cm/ s, which is quite low compared with the other published 
data plotted in figure 5.10. Metghalchi and Keck (2] got an even lower value of Su for 
t/J =1.0, only 31.9 cm/ s, using a similar constant volume bomb method to that used in 
this study for C3Hs/air mixtures in the pressure range 0.4 to 40 aIm and temperature 
range 298 to 750 K for equivalence ratios from 0.8 to 1.5. From the results oflaminar 
burning velocity as a function of t/J for CJHs/air mixtures at a temperature of298 K and 
pressure of 1 atm, Metghalchi and Keck (2] gave an equation in the form of a 
polynomial of second degree 
Suo =38.31+24.84(t/J-l)-153(t/J-l)' (cm/s) (5-22) 
The difference between 31.9 and 38.31 given by Metghalchi and Keck (2] is attributed 
to not only the different area of experimental data they chose, but also the constant 
volume bomb method itself which is quite sensitive to the measured pressure/time 
history. Even considering only stoichiometric C3Hs/air mixtures, their results show that 
only 74 percent of the experimental data is in the range of ± 5% of the correlation 
curve. 
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The analysis of figUre 5.1 0 gives two ideas. The first idea is that the value of S, 
detennined using the constant volume bomb method is always lower compared with the 
published experimental data using other experimental methods. The main reason is 
probably that the mass fraction burnt x in dx / dt in the S, equation is calculated based 
on the internal energy and volume conservation equation, not the linear equation 
suggested by Lewis and von Elbe. If the linear equation is used to calculated x, then 
the value of S, for each combustion event and also the value of S,o will be relatively 
higher than that from the internal energy and volume conservation equation, which was 
employed by Hill and Hung [13], Metghalchi and Keck [2,36] and this study. 
The second idea is that the previous published experimental data from the constant 
volume bomb method show again that even the experimental data from constant 
volume bomb method can vary over a relatively wide range, so the S, equation 
correlated based on the experimental data cannot fit the experimental data perfectly. 
That is also the reason why different exponents in the same fonn of S, equation were 
obtained by different investigators. 
Figure 5.11 shows the pressure dependency of laminar burning velocity for 
stoichiometric C3Hs/air mixtures at temperature of 298.15 K . The experimental results 
using the trendline method and the regression calculation results in this study are 
compared with results of Hill and Hung [13], Metghalchi and Keck [2]. In this figure, 
the curve from regression calculation is a little higher than the experimental data in this 
study, (the reason has been discussed in the analysis of figures 5.7 and 5.8) but it fits the 
experimental data well especially at the pressure of 2 bar. The results from Hill and 
Hung [13] also agree well with single value of experimental data at the pressure of2 bar. 
Hill and Hung [13 J gave the following expression for the stoichiometric C3Hs/air 
mixture using a similar constant volume bomb method, as mentioned before. 
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Su = 34.2(!')L66 (..E...r°.l33 (cm/ s) 
To Po 
(5-23) 
Where To = 298.15 K and Po = 1 atm. 
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Figure 5.11. Pressure dependency of laminar burning velocity for stoichiometric 
C3Hs/air mixtures at temperature of 298.15 K 
The pressure exponent of -0.133 from Hill and Hung [13] is higher than the Po of 
-0.208 in this study. Though the Suo they obtained is close to 36 cm/ s in this study, 
the effect of pressure on the laminar burning velocity expressed by Hill and Hung [13] 
is quite different from that of this study, as shown in figure 5.11. 
Metghalchi and Keck [2] gave a laminar burning velocity equation in the same form, as 
follows: 
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Su =31.9(~)213(...E.-r0.17 (cm/s) 
To Po 
(5-24) 
Where To = 298.15 K and Po = 1 atm 
The curve from Metghalch and Keck [2] in this figure shows a similar tendency to that 
ofthis study, but it is right below the experimental data of this study because of its quite 
low Suo of31.9 cm/ s. 
Figure 5.12 shows the comparison of the experimental results for five stoichiometric 
C3Hs/air mixtures at different initial pressure (0.5, 1,2,3 and 4 bar) with the regression 
calculation results. The corresponding rjJ is 1.01, 1.007, 1.025, 0.997 and 1.014, 
respectively. With the exception of the data at Pi = 1 and 3 bar, the results from 
regression calculation based on all the experimental data for C3Hs/air mixtures agree 
well with the experimental data in this figure. 
Figure 5.13 shows the laminar burning velocity at temperature of 298.15 K and 
different pressures (0.5, 1, 2, 3 and 4 bar) against the rjJ for C3Hs/air mixtures. The 
results from the regression calculation were compared with experimental single value 
in this figure. The effect of pressure on the laminar burning velocity shown in this 
figure indicated that the value of the laminar burning velocity decreases with increasing 
pressure. It can also be seen from this figure that the results from regression results 
agree well with the experimental single value In this study. 
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Figure 5.12. Comparison of the experimental results for five stoichiometric C3Hs/air mixtures at different initial pressure (0.5, 1, 2, 3 and 
4 bar) with the regression calculation results 
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Figure 5.13. Laminar burning velocity at temperature of 298.15 K and different pressures (0.5, 1,2,3 and 4 bar) against the tP for 
C3Hs/air mixture 
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Two things should be mentioned here. The first is that the results from regression 
calculation in figure 5.13 are based on the empirical equation, which was determined by 
regression using the least square technique for all the experimental data of C3Hslair 
mixtures. 
The second is that the single value of the experimental data in figure 5.13 was obtained 
from the analysis of basic figures, i.e. the figure of Su against P and Su against T, 
for each combustion event using the trendline method. However it has been mentioned 
before that the value of each point in this figure is not easy to determine using the 
trendline method for the complicated nature ofthe figure Su against P and Su against 
T. The value was chosen as a result of the experience of the research worker, e.g. for a 
complicated figure Su against P and Su against T, the value of Su at Pi and T, can 
be chosen manually from 28 to 32 cm/ s due to the non-linear pressure and 
temperature dependencies of the laminar burning velocity. Therefore, although the 
experimental data agree reasonably well with the results from regression calculation, 
that does not mean the trendline method can determine the value of laminar burning 
velocity accurately. 
5.5.3 Experimental results for n-C4HlOlair mixtures 
n-C4HIO is another components ofthe LPG gas in this study; the experimental results of 
n-C4HlOlair mixtures in this study are presented below. 
Figure 5.14 shows the laminar burning velocity against if; at Pi of 1 atrn and T, of 
298.15 K for n-C4HIO/air mixture. Both experimental single value and the results from 
regression calculation in this study are plotted in this figure. 
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Figure 5.14. Laminar burning velocity against rp at Pi of 1 atm and T, of 298.15 
K for n-C4HIO/air mixtures 
This figure shows good agreement between the experimental single value and the 
results from regression calculation. Previous published experimental data from Gibbs 
and Calcote [24], Clarke et al. [26] and Davis and Law [121] were also plotted in this 
figure. Gibbs and Calcote measured a higher laminar burning velocity using a conical 
flame burner method for n-C4HlO/air mixture. It has been found that the conical flame 
burner method Gibbs and Calcote [24] used consistently gave them a high value of 
laminar burning velocity not only for the n-C4HlO/air mixtures, but also for the CH4fair 
and C3Hs/air mixtures, compared with other investigators results. The possible reason 
could only be attributed to the experimental method Gibbs and Calcote [24] used, so the 
different experimental methods do have significant effect on the measured laminar 
burning velocity. Though Davis and Law [121] obtained very close experimental 
results (using the counterflow flame burner method) to those in this study, a comparison 
between the data from Clarke et al. [26] and the data in this study is more significant, 
because Clarke et al. [26] used the same constant volume bomb method but under 
micro-gravity conditions. The data from Clarke et al. [26] shows good agreement with 
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those of this study, however, the S ,0 they calculated is 42.1 cm / s, which is higher 
than 38.7 cm/ s in this study. The reason is that Lewis and von Elbe's linear relationship 
of the mass fraction burnt was employed by Clarke et al. [26], and this yields a higher 
value of laminar burning velocity than that in this study. 
Figure 5.15 shows the pressure dependency of laminar burning velocity for 
stoichiometric n-C4HIO/air mixtures at temperature of 298.15 K. The experimental 
results using the trendline method and the regression results in this study agree very 
well in this figure. However, the value in this study is lower compared with the results 
from Clarke et al. [26]. Clarke et al. [26] measured the data for n-C4HIO/air mixtures 
over a range of equivalence ratios from 0.7 to 1.5, p, from 0.5 to 3 bar and Tu from 
298 to 420 K using the constant volume bomb method under micro-gravity conditions. 
They gave the following equation to present the pressure and temperature dependencies 
oflaminar burning velocity for stoichiometric n-C4HIO/air mixtures by curve fitting all 
the experimental data. 
s, = 42.1(l.:.)1.45 (Lro 233 (cm/ s) 
To Po 
(5-25) 
The pressure exponent from Clarke et al. [26] (-0.233) is close to -{).199 in this study. 
Therefore it can be seen that the curve from this study shows a similar tendency to that 
from Clarke et al. [26] in figure 5.15. The S,o (42.1 cm/ s) from Clarke et al. [26] is 
higher than the 38.7 cm / s in this study, this made the curve from Clarke et al. [26] just 
right above the curve from this study. 
Figure 5.16 shows the comparison of the experimental results for five stoichiometric 
n-C4HIO/air mixtures at different initial pressures (0.5, I, 2, 3 and 4 bar) with results 
from the regression calculation in this study. The corresponding rjJ is 1.05, 1.005, 1.02, 
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1.02 and 1.005 respectively. The non-dimensional rb is limited to 0.6 - 0.8 for each 
curve. With the exception of the lower experimental data at P, = 0.5 and 1 bar, the 
results from regression calculation based on all the experimental data for n-C4HlO/air 
mixtures agree well with the experimental data in this figure. 
Figure 5.17 shows the laminar burning velocity at temperature of 298.15 K and 
different pressure of 0.5, 1,2,3 and 4 bar against the rjJ for n-C4HlO/air mixtures. The 
results from the regression calculation were compared with experimental single values 
in this figure. It can be seen from this figure that the results from regression results 
agree well with the experimental single values at p, of 1 bar in this study. While the 
results from regression calculation at p, of 2 bar only fit the experimental data when 
rjJ :0; 1 . When rjJ ~ 1 , the results from regression calculation are higher than the 
experimental data. It has been checked that there was no great error in the experimental 
data, however, it seems that the measured laminar burning velocity at Pi = 2 bar using 
the constant volume bomb method is not always what we initially expected. Actually, 
Hill and Hung [13] also got an unusual curve oflaminar burning velocity at Pi = 2 bar 
for CHJair and C3Hs lair mixtures using the constant volume bomb method. The curve 
of the laminar burning velocity at Pi = 2 bar is not expected to be between the curves 
of the laminar burning velocity at Pi = 1 bar and 3 bar. It crosses the curve of the 
laminar burning velocity at Pi = I bar and the curve of the laminar burning velocity at 
Pi = 3 bar in many cases. This strange phenomenon has not been investigated by any 
investigators so far. It seems that for the constant volume bomb method, there exist a 
critical initial pressure around Pi of 2 bar that always makes the curve of the S, 
unusual. The reason was not analysed in this study, since there is no great error in the 
experimental data at P, = 2 bar, and the experimental data at P, = 2 bar were also 
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included in the regression calculation for n-C4HlO/air mixtures. 
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5.5.4 Experimental results for three types of LPGfair mixtures 
The concentration of C3HS and n-C4HlO in the LPG gas is different in different areas of 
the world. To investigate the effect of the components of LPG gas on the laminar 
burning velocity, three different types ofLPG gas based on the different volume ratio of 
C3Hs and n-C4HIO in the LPG gas are investigated in this study as follows. 
I) 75% percent ofC3Hs and 25% percent ofn-C4HIO by volume 
2) 50% percent of C3Hs and 50% percent of n-C4HIO by volume 
3) 25% percent ofC3Hs and 75% percent ofn-C4HIO by volume 
To simplify the definition, they are written as 
1) 75% C3Hs+25% n-C4HlO 
2) 50% C3Hs+50% n-C4HlO 
3) 25% C3HS+75% n-C4HIO 
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The experimental results for the LPG/air mixture are given in this section. However it 
should be mentioned first that the experimental data given here could only be compared 
with the results from the regression calculation in this study since no one has measured 
the laminar burning velocity for these three types of LPG/air mixtures. 
5.5.4.1 Experimental results for 75% C3Hg+25% n-C4H lO/air mixtures 
Figure 5.18 shows the laminar burning velocity against rp at Pi of 1 atm and 1', of 
298.15 K for 75% C3Hg+25% n-C4HlO/air mixture. This figure shows the maximum 
measured Su(mox) is at a rp of 1.1, while the Su(mox) from the regression calculation is at 
about 1.15. The curve based on the regression calculation fits the experimental data 
well, with the exception of slightly higher values than the experimental data from 
rp <1.1. 
Figure 5.19 shows the pressure dependency of the laminar burning velocity for 
stoichiometric 75% C3Hg+25% n-C4HlO/air mixture at temperature of 298.15 K. The 
experimental results obtained using the trendline method and the regression results in 
this study agree very well in this figure. Though the experimental data are lower than 
the results from the regression calculation, the difference in the laminar burning 
velocity is only 1 cm Is, which is very small. 
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Figure 5.20 shows the comparison of the experimental results for four stoichiometric 
75% C3HS+25% n-C4HIO/air mixtures at different initial pressure (I, 2, 3 and 4 bar) with 
results from the regression calculation in this study. The corresponding !/J is 1.019, 
1.01, 1.008 and 1.006, respectively. Though the regression calculation was based on 
the experimental data for all 75% C)Hs+25% n-C4HIO/air mixtures, this figure shows 
quite a good agreement between the four curves from regression calculation and the 
single value of the experimental data. However, this does not it doesn't mean that all 
the curves from the regression calculation also fit the experimental data well. Based on 
the basic idea of the least square technique, it can only be concluded that the four sets of 
experimental data for stoichiometric 75% C3Hs+25% n-C4HIO/air mixtures are 
fortunately very close to the curves from the regression calculation. 
Figure 5.21 shows the laminar burning velocity at a constant temperature (298.15 K) 
and different pressures (0.5, 1, 2, 3 and 4 bar) against the !/J for 75% C3HS+25% 
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n-C4HlO/air mixtures. With the exception ofthe curve from the regression calculation at 
P; =0.5 bar, all the other curves fit the experimental data very well. 
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Figure 5.21. Laminar burning velocity at a constant temperature (298.15 K) and 
different pressure (0.5, 1,2,3 and 4 bar) against the t/J for 75% C3H8+25% 
n-C4HIO/air mixtures 
It should be mentioned that the measured laminar burning velocity for the combustion 
event with p;=0.5 bar is more inaccurate than that with higher P; (e.g. p,=I, 2, 3 and 
4 bar). The reason for this is that the maximum pressure in the constant volume 
chamber during the combustion process is relatively small (e.g. for 50% C)H8+50% 
n-C4HIO/air mixtures at p; of 0.5 bar and T, of 298 K in this study, the Pmax is only 
4.8 I 5 bar), so the pressure/time history measured by the pressure transducer in such 
small pressure range (0.5 - 4.81 5 bar) is relatively less accurate than that measured over 
a wider pressure range. Since the laminar burning velocity is quite sensitive to the 
measured pressure/time history, the relative inaccuracy of the pressure/time history at 
the P, of 0.5 bar for all fuel/diluents/air mixtures also has effect on the measured 
laminar burning velocity. Though the effect exists, after checking the experimental data 
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at P, of 0.5 bar in this study, it shows that the pressure/time history carefully measured 
at Pi =0.5 bar for all fuel/diluents/air mixtures using a KlSTLER pressure transducer is 
stilI sufficiently accurate. 
5.5.4.2 Experimental results for 50% C3Hs+50% n-C4H10/air mixtures 
Figure 5.22 shows the laminar burning velocity against I/J at Pi of I atm and 1', of 
298.15 K for 50% C3H8+50% n-C4HlO/air mixture. This figures shows the maximum 
measured value of Su is at the I/J of 1.1. The curve based on the regression calculation 
fits the experimental data well, with the exception of slightly higher value than the 
experimental data from I/J > I. I. 
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Figure 5.22. Laminar burning velocity against I/J at P, of 1 atm and 1', of 298.15 
K for 50% C3H8+50% n-C4HlO/air mixture 
Figure 5.23 shows the pressure dependency of laminar burning velocity for 
stoichiometric 50% C3H8+50% n-C4HlO/air mixture at temperature of 298.15 K. Even 
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at P = 0.5 bar, the experimental results using the trendline method and the regression 
results in this study agree reasonably well in this figure. 
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Figure 5.23. Pressure dependency of laminar burning velocity for stoichiometric 
50% C3Hs+50% n-C4HlO/air mixture at temperature of 298.15 K 
Figure 5.24 shows the comparison of the experimental results for five stoichiometric 
50% C3Hg+50% n-C4HlO/air mixtures at different initial pressure (0.5, 1,2,3 and 4 bar) 
with results from the regression calculation in this study. The corresponding 1ft is 1.057, 
0.993, 1.015,0.994 and 0.995 respectively. The curves from regression calculation at 
Pi =0.5 and 2 bar are slightly higher than the corresponding experimental data, while 
the others agree well with the experimental data. 
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Figure 5.24. Comparison of the experimental results for five stoichiometric 50% 
C3H8+50% n-C4H1o/air mixtures at different initial pressure (0.5, 1,2,3 and 4 bar) 
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Figure 5.25. Laminar burning velocity at a constant temperature (298.15 K) and 
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n-C4HlO/air mixtures 
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Figure 5.25 shows the laminar burning velocity at a constant temperature (298.15 K) 
and different pressure (0.5, I, 2, 3 and 4 bar) against the r/J for 50% C3Hg+50% 
n-C4Hw/air mixtures. With the exception of the curve from the regression calculation at 
Pi =0.5, all the other curves fit the experimental data very well. 
5.5.4.3 Experimental results for 25% C3Hg+75% n-C4H lOiair mixtures 
Figure 5.26 shows the laminar burning velocity against r/J at Pi of I atm and T, of 
298.15 K for 25% C3H8+75% n-C4HJOI'air mixture in the r/J range 0.7 to 1.6. This figure 
shows that the S'(","l (40cml s) is at the r/J of1.13. The curve based on the regression 
calculation fits the experimental data very well. 
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Figure 5.26. Laminar burning velocity against r/J at P, of 1 atm and T, of 298.15 
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Figure 5.27 shows the pressure dependency of the laminar burning velocity for 
stoichiometric 25% C3H8+75% n-C4HlO/air mixture at temperature of 298.15 K. The 
experimental results using the trendline method and the regression results in this study 
agree well in this figure. 
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Figure 5.27. Pressure dependency of the laminar burning velocity for 
stoichiometric 25% C3HS+75% n-C4Hto/air mixture at temperature of 298.15 K 
Figure 5.28 shows the comparison of the experimental results for five stoichiometric 
25% C3H8+75% n-C4HlO/air mixtures at different initial pressure (0.5, I, 2, 3, 4 bar) 
with results from the regression calculation from this study. The corresponding r/J is 
1.039, 1,0.989, 1.005 and 1.003, respectively. The curves from regression calculation 
at P, =2 and 4 bar are slightly higher than the corresponding experimental data, while 
the others curves agree well with the experimental data. 
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Figure 5.28. Comparison of the experimental results for five stoichiometric 25% C3Hs+75% n-C4HlO/air mixtures at different initial 
pressure (0.5, 1, 2, 3, 4 bar) with results from the regression calculation 
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Figure 5.29. Laminar burning velocity at a constant temperature (298.15 K) and different pressure (0.5, 1, 2, 3 and 4 bar) against the ifi 
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Figure 5.29 shows the laminar burning velocity at a constant temperature (298.15 K) 
and different pressure (0.5, I, 2, 3 and 4 bar) against the rjJ for 25% C3Hg+75% 
n-C4H lO/air mixtures. The curves from regression calculation agree well with the 
experimental data. This figure also shows that, with the pressure increasing from 0.5 to 
4 bar, the rjJ at S, (m~) under different pressures for both the experimental data and the 
results from regression calculation increases gradually from 1.1 to 1.23. Actually, all 
the fueVdiluents/air mixtures discussed above have this same tendency. 
5.5.5 Experimental results for LPG/air mixtures 
The LPG gas is defined as a mixture of C3Hg and n-C4HlO in this study. To regress all 
the experimental data to the empirical general equation (2-25) using the least square 
technique, the fuel n-C4HlO is defined as an additives in the LPG gas, and the tenn X in 
the empirical general equation (2-25) is defined as the volume percentage of n-C4HlO 
fuel in the LPG gas. According to this definition, C3Hg/air, 75% C3Hg+25% n-C4HIO/air, 
50% C3Hg+50% n-C4HlO/air, 25% C3Hg+75% n-C4HlO/air and n-C4HlO/air mixtures are 
LPG/air mixtures with X of 0, 0.25, 0.5, 0.75 and I respectively. All the experimental 
data of these five types offueVdiluents/air mixtures over the range of rjJ (0.7-1.4) and 
non-dimensional rb (0.6-0.9) are involved in the regression calculation for the LPG/air 
mixtures. The results from regression calculation in this study are based on the 
coefficients in table 5.2 for LPG/air gas. From table 5.2, it can be seen that theS,o of 
36.9 cm I s and the temperature exponent's ao of 1.895 for LPG/air mixtures fall 
reasonably between the corresponding value ofC3Hg/air and n-C4HlO/air mixtures. The 
effect of X on the laminar burning velocity is described by means ofthe factor 
1- gX(h+CF-l)l) (5-26) 
However, it was found that, compared with the results from regression calculation 
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using this expression with rjJ for LPG/air mixtures in this study, the results from a 
linear relationship of the effect of additives (i.e. n-C4HJO) on the laminar burning 
velocity were better and were employed in this study as follows. 
l-gX (5-27) 
The laminar burning velocity of n-C4HJO/air mixtures is usually larger than that of 
C3Hs/air mixtures under the same conditions of pressure, temperature and rjJ • However, 
since n-C4HJO is defined as an additives of the fuel in the LPG/air mixtures, and the 
expression form of 1- gX is used, so g is a negative value for LPG/air mixtures. In 
this study, g is -0.059 in table 5.2 from the regression calculation based on 236 sets of 
experimental data. The effects of rjJ , pressure, and X on the laminar burning velocity 
for LPG/air mixtures are presented in the figures as described below. 
Figure 5.30 shows the measured laminar burning velocity against rjJ at p of I bar and 
T of 298.15 K for five types of LPG/air mixtures in the rjJ range of 0.7 to 1.4. The 
measured data for LPG/air mixtures has been checked carefully, and no great error was 
found in this study. It can be seen from this figure that the laminar burning velocity of 
n-C4HJO/air mixture with X of I is higher than that of C3Hs/air mixture with X of 0, 
however the maximum difference is only about 2.5 cm Is. The measured laminar 
burning velocities of the other three types of LPG/air mixtures increase regularly 
between the experimental data of CJHs/air and n-C4HJO/air mixtures with increasing 
volume percentage of n-C4H \0 in the LPG/air mixtures. 
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Figure 5.30. Laminar burning velocity against r/J at p of 1 bar and T of 298.15 K for five types of LPG/air mixtures in the r/J range of 
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Figure 5.31 Laminar burningveiocity against", at p ofl bar and T of 298.15 K for five types of LPG/air mixtures in the", range of 0.7 
to 1.4 
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Figure 5.31 shows the laminar burning velocity calculated using the empirical general 
equation against t/J at P, of I bar and T of 298.15 K for five types of LPG/air 
mixtures in the t/J range of 0.7 to 1.4. The experimental data are also plotted in this 
figure for ease of comparison. 
As a result of the linear relationship of the effect of X on the larninar burning velocity, 
the five curves from the regression calculation for five types of LPG/air mixtures also 
show a kind of linear relationship. However, compared with the corresponding single 
value of the experimental data at pressure of I bar, the results from the regression 
calculation fit most of the experimental data reasonably well, only a few single values 
of experimental data (e.g. at t/J of 0.7 and 0.8 for n-C4HIO/Air mixtures) do not fit well. 
This is attributed to the following reasons: 
I) The results from the regression calculation cannot fit all the experimental data based 
on the basic idea of the least square regression technique. The calculated coefficients 
for LPG/air mixtures in table 5.2 were regressed based on the collectivity of the 
selected experimental data of each combustion events for LP Glair mixtures using the 
least square technique. Therefore, the results calculated using equation (2-25) definitely 
cannot agree perfectly well with each single set of experimental data, e.g. S, at I bar 
and 298.15 K in figure 5.31. 
2) The difference in the laminar burning velocity between these five types of LPG/air 
mixtures is very small. As shown in figure 5.30, many similar experimental data are 
mixed together, and do not show clear effect of X on the S, for the LPG/air mixtures, 
so the results of the regression calculation based on the experimental data cannot be 
expected to agree well with the experimental data. 
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Figure 5.32 shows the pressure dependency of the laminar burning velocity for 
stoichiometric LPG/air mixtures at temperature of298.15 K. The five curves calculated 
using equation (2-25) for LPG/air mixtures in this figure shows a linear relationship 
since the expression of 1- gX in equation (2-25) was employed in this study. The 
experimental data are also plotted in this figure for ease of comparison. Figure 5.32 
shows that the regression results fit the single values ofthe experimental data well, and 
the laminar burning velocity increases with increasing volume percentage of n-C4HJO in 
LPG gas. 
Figure 5.33 shows the effect of additives fraction X on the laminar burning velocity 
from the regression calculation for stoichiometric LPG/air mixtures at pressure of I bar. 
The non-dimensionallaminar burning velocity is plotted against the volume percentage 
of n-C4HJO. It shows a straight line in this figure since the linear relationship was 
employed in this study. The non-dimensional laminar burning velocity increases to 
1.059 for pure n-C4Hlolair mixture, which is exactly calculated based on equation 
(2-25) 
Su (n-C4HlO/air)1 Su (C3H8/air)=I- gX = 1-(-0.059)=1.059 
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Figure 5.32. Pressure dependency of the laminar burning velocity for stoichiometric LPGlair mixtures at temperature of 298.15 K 
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5.5.6 Experimental results for stoichiometric C3Hs/diluents/air and 
n-C4HlO/diluents/air mixtures 
One of the objectives of this study was to detennine the Su of LPG/air mixture using 
the constant volume bomb method, and the empirical general equation employed in this 
study with twelve coefficients based on least square technique has been reported in this 
chapter to describe the effects of pressure, temperature, 1ft and X on the laminar 
burning velocity of LP Glair mixtures. Though the results from the regression 
calculation using the empirical equation for each type of LP Glair mixtures agreed very 
well with the corresponding experimental data, for the fluctuation of the experimental 
data of LP Glair mixtures, the results from the regression calculation do not fit the 
experimental data perfectly well. Therefore the appropriateness of the fonn of the 
empirical general equation has to be verified in this study. It is reasonable to follow 
previous investigators' ideas that the effect of pressure and temperature on laminar 
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burning velocity is expressed in a power law, and one of the terms oflaminar burning 
velocity is described by a quartic equation with five coefficients (S,o, S,I' S,2' S,3 
and S,4)' as shown in equation (2-25). However, there is no physical basis to describe 
the effect of additives in the LPG gas in the form of equation (5-26) or equation (5-27), 
i.e. 
1- gX(h+<O-I)i) (5-26) 
1- gX (5-27) 
Previous work about the effect of diluents on the laminar burning velocity from Ryan 
and Lestz [29], Metghalchi and Keck [2] and Rhodes and Keck [30] has been reviewed 
by Stone et al. [14]. After studying a number of alternative equations, they finally found 
that the form of equation (5-26) gave the lowest residual error for methane/diluents/air 
mixtures in their study. The form used by Stone et al. [14] was also used for regression 
calculation ofthe LPG/air mixtures in this study, therefore, to check the appropriateness 
of the form of the empirical general equation, especially the appropriateness of the form 
of the 1-gX in this study, two types of experiments were conducted in this study, i.e. 
experiments for 
Stoichiometric C3Hg/diluents/air mixture and 
Stoichiometric n-C~lO/diluents/air mixture. 
The diluents is 15% Carbon dioxide + 85% Nitrogen mixture, which is the same as that 
used by Stone et al. [14]. Experiments for stoichiometric C3Hg/diluents/air and 
n-C4HlO/diluents/air mixtures at four different volume percentages of the diluents (e.g. 
5%, 10%, 15% and 20%) were carried out in this study. 
Figure 5.34 shows the pressure dependency of laminar burning velocity for 
stoichiometric C3Hg/diluents/air mixtures at a temperature of 298.15 K . With the 
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exception of the curve of the C3H8/air mixture based on the empirical equation for 
C3H8/air mixtures in table 5.2, the other four curves are plotted based on the general 
equation with the coefficients in table 5.2. For stoichiometric C3H8/diluents/air 
mixtures, the empirical general equation (2-25) is changed to 
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Figure 5.34. Pressure dependency of the laminar burning velocity for 
stoichiometric C3H8/diluent/air mixtures at a temperature of 298.15 K 
The experimental data of stoichiometric C3H8/air mixture, which is regarded as a 
C3H8/diluents/air mixture with zero volume percentage of diluents, are also included in 
the regression calculation of C3H8/diluents/air mixtures. Compared with the 
coefficients for C3H8/air mixtures in table 5.2, for C3H8/diluents/air mixtures, the Suo 
of39.7 and pressure exponent, Po of -0.18568 are higher but the temperature exponent, 
ao of 1.4559 is lower. A large value of gof 1.1833 compared with -0.0735 of LP Glair 
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mixture shows that the diluents reduce the laminar burning velocity of the 
C3Hs/diluents/air mixture significantly. As shown in figure 5.34, the laminar burning 
velocity at a pressure of I bar with 20 percent of diluents is reduced to 15.8 cml s, 
which is even smaller than the half of the corresponding value of 36.26 cm I s of 
C3Hs/air mixture. The effect of diluents is also shown in figure 5.35. 
Figure 5.35 shows the non-dimensionallaminar burning velocity against the percentage 
volume of the diluents C3Hs/diluents/air mixtures at temperature of 298.15 K and 
pressures of 0.5, 1,2,3 and 4 bar. In this figure, the measured non-dimensionallaminar 
burning velocity is reduced with the increasing volume percentage of the diluents. It 
seems that the curve from the linear relationship fits the experimental data better than 
that from the power law equation. 
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Figure 5.35. Non-dimensionallaminar burning velocity against the percentage 
volume of the diluents for C3Hs/diluents/air mixtures at temperature of 298.15 K 
and pressures of 0.5, 1, 2, 3 and 4 bar 
Figure 5.36 is a similar figure to figure 5.34 but for stoichiometric n-C4HlO/diluents/air 
mixtures, The curves from the regression calculation agree reasonably well with the 
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experimental data. The effect of diluents on the n-C4HlO/air mixtures is shown in the 
following figure 5.37. 
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Figure 5.36. Pressure dependency of the laminar burning velocity for 
stoichiometric n-C4HlO/diluent/air mixtures at a temperature of 298.15 K 
Figure 5.37 shows the non-dimensionallaminar burning velocity against the percentage 
volume of the diluents for n-C4HlO/diluenVair mixtures at temperature of298.15 K and 
pressures of 0.5, 1,2,3 and 4 bar. The experimental data from Clarke et a!. [26] are also 
plotted in this figure. Clarke et a!. [26J fitted experimental data for n-C4HlO/diluents/air 
mixtures using following linear relationship: 
(5-29) 
The slope of the line i.e. X obtained by them is -0.0293 in the diluents range of 0 -
15%. The slope of the curve from regression calculation using the linear relationship in 
this study is g I 100 = -0.0280294, which is quite close to that from Clarke et a!. 
However, this figure also shows that it seems the curve from 1- gX h fits the 
experimental data better. 
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Figure 5.37. Non-dimensionallaminar burning velocity against the percentage 
volume of the diluents for n-C4H lO/diluents/air mixtures at temperature of 298.15 
K and pressures of 0.5, 1,2,3 and 4 bar 
5.6 Closure 
The least square regression technique was explained in detail in this chapter. The 
selection rule of non-dimensional rh was discussed and it was concluded that it was 
reasonable. Most of the results from regression calculation agreed reasonably well with 
the experimental data in this study and the previous published data. A few 
disagreements were analysed and the reasons for the disagreement were given in this 
chapter. 
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Conclusions and suggestions for future study 
6.1 Conclusions 
In this study, the laminar burning velocities of LPG/air mixture were measured using 
the constant volume bomb method. A detailed laminar burning velocity database for 
LPG/air mixture under the conditions of initial pressure of O.S - 4 bar and initial 
atmosphere temperature has been established. With the consideration of the effects of 
flame thickness and the temperature gradient in the burnt gas zone, a new combustion 
model based on the commonly used two-zone combustion model has been developed to 
determine the laminar burning velocity of the LPG/air mixture. Experimental data were 
analysed using both trendline method and regression technique, and compared with 
available previous investigators' data. Finally, a general empirical equation for LPG/air 
mixture was presented. 
In summary, the conclusions are: 
1) The experimental data for CHJair, C3Ha/air and n-C4HIO/air mixture in this study 
agree well with that from previous investigators. Therefore the constant volume bomb 
method employed in this study was proved to be an efficient and reproducible method 
to measure the laminar burning velocity for combustible fuel/diluents/air mixture at 
high pressure and temperature. 
2) The comparison of the results from the new combustion model and that using 
two-zone combustion model showed that the new combustion model gave more 
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reasonable experimental results with the inclusion of the effects of the flame thickness 
and the temperature gradient in the bumt gas zone. 
3) The flame thickness was calculated in this study and the results agreed well with 
other investigators' experimental data. Though the flame thickness decreases as the 
combustion pressure increases, the volume percentage of the flame front within the 
combustion chamber increases as the combustion process proceeds. Compared with the 
results using the two-zone combustion model, the calculated burnt gas temperature 
reduces for the effects of flame thickness. For the fast burning mixture, it was found 
that the effects of the flame thickness on the laminar burning velocity were negligible. 
However, the consideration of the flame thickness should be included for a slow 
burning mixture, especially at a low initial pressure and/or near the lean or rich 
flammability limits. 
4) The effects ofthe temperature gradient in the burnt gas zone on the laminar burning 
velocity were analysed. It was found that the temperature difference was quite large, the 
maximum value is several hundred Kelvin. This temperature gradient increases the 
internal energy of the burnt gas, but decreases the flame temperature compared with 
that using the two-zone combustion model. However, the effects of the temperature 
gradient on the laminar burning velocity are not very strong. For the stoichiometric 
methane/air mixture at standard reference conditions (i.e. 1 bar and 298 K), the value of 
the laminar burning velocity changes approximately 1 cm / s for the test conditions in 
this study. 
5) The laminar burning velocity determined using the new combustion model is quite 
sensitive to the measured pressure/time history, and for the reason of the relatively 
bigger noise of the pressure transducer at low pressure (e.g. 0.5 bar), the measured 
experimental data of the laminar burning velocity for mixtures with a high initial 
pressure (e.g. initial pressure of 4 bar) are more accurate than those for the mixture with 
a low initial pressure. 
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6) Compared with the manual trendline method, the selection rule of non-dimensional 
rb introduced in the regression analysis of experimental data in this study is more 
reasonable especially when it is applied to the regression of the large amounts of 
experimental data of the laminar burning velocity for the LPG/air mixture. This 
selection rule also works well for the mixture with single fuel composition (e.g. CHJair, 
C3Hs/air and n-C4HIO/air mixtures). 
7» The effects of pressure, temperature, equivalence ratio, diluents on the laminar 
burning velocity were expressed using the general empirical equation, which was 
obtained using the least square regression technique and the selection rule of 
non-dimensional rb • As the laminar burning velocity difference under the same 
conditions for the two fuels in the LPG (Le. C3HS and n-C4H1o) is quite small, (e.g. the 
laminar burning velocity difference of the two fuels at p ~ 1 bar, T ~ 298 K and tjJ ~ 1 
is only about 2 cm Is), the prediction of laminar burning velocity using this general 
empirical equation cannot be expected to be ideal. The general empirical equation for 
LPG/air mixture corresponds to an equivalence ratio range of 0.7 - 1.4, however to get 
a relatively more accurate and reasonable equation for LPG/air mixture at a certain 
equivalence ratio (e.g. for stoichiometric mixture), more experimental data of identical 
combustion runs with this certain equivalence ratio should be included in the regression 
calculation. 
6.2 Suggestions for future study 
I) At this stage, only the effects of the flame thickness and the temperature 
gradient in the burnt gas zone were included in the new combustion model to determine 
the laminar burning velocity for LPG/air mixture. To make this new combustion model 
more reasonable, more effects (e.g. the heat transfer to the wall and the flame stretch) 
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should be considered. In particular, the pure thermal theory, which was used to calculate 
gas properties within the flame front, can be substituted using some commercial code 
(e.g. the well-known CHEMKIN code). 
2) The experiment could be carried out under a micro-gravity condition using a 
similar free-fall facility used by Stone and Clarke (14) to minimize the buoyancy effect 
of the burnt gas in the combustion chamber in the future. This would also extend the 
available selected range of the measured experimental data, and would definitely 
benefit the regression of the experimental data for the LPG/air mixture. 
3) The initial temperature of the mixture in the combustion chamber could be 
increased using some special method (e.g. put the combustion chamber in an oven) to 
measure the laminar burning velocity at higher pressure and temperature. 
4) Further study can be carried out for the strange behaviours of mixtures with an 
initial pressure of 2 bar. 
5) Applying the selection rule of non-dimensional rb and the least square 
regression technique to analysing multicomponent fuelJdiluents/air mixtures, which 
have a large laminar burning velocity difference of fuel compositions, should be carried 
out in the future. 
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Appendix 1 
Specifications of the Kistler 601A dynamic pressure transducer, the Kistler charge 
amplifier and the WAVEBOOKl516 data acquisition unit 
1.1 Specifications of the Kistler 601A dynamic pressure transducer 
Range bar 0-250 
Overload bar 500 
Sensitivity pC/bar -15.1 
Natural frequency kHz '" ISO 
Linearity %FSO $±0.2 
Acceleration sensitivity bar/g <0.001 
Operating temperature range °c 196 - 200 
Temperature coefficient of 
°C-1 <10-4 
sensitivity 
Insulation resistance at 20 °C n ~1013 
Shock resistance g 10000 
Capacitance pF 5 
Weight g 1.7 
Connector Teflon insulator M4xO.35 
1.2 Specifications of the Kistler charge amplifier (Type 5011) 
Measuring range, for 10 V FS pC ± 10 - 999000 
Sensor sensitivity pCIM.D. om - 9990 
Scale M.D.N 0.001 - 9990000 
Output voltage V ±10 
Maximum output current MA ±5 
Output impedance n 10 
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Frequency limit kHz ",0 - 200 
Linearity % ::; ± 0.05 
Drift at 25 QC pC/s ::; ± 0.03 
Connections: 
BNC 
Measuring input/signal output 
Weight kg ",2 
1.3 Specifications of the WAVEBOOKl516 data acquisition unit 
Resolution 
Ranges 
Maximum overvoltage 
Input impedance 
Accuracy 
Pulse trigger 
Rate 
Input power range 
Operating temperature 
Dimensions 
Included software 
bit 
v 
VDC 
n 
MHz 
VDC 
QC 
mm 
195 
16 
Unipolar: 0-10, 0-4, 0-2 
Bipolar: ± 10, ± 5, ± 2, ± I 
±35 
10M 
± 0.012% reading 
± 0.006% range 
lOOns to 0.8s pulse width 
I 
10-30 
0-50 
285W x 2200 x 45H 
WaveView 
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Appendix 2 
Listing of Experimental Data in this Study 
2.1 CH4/ Air Data 
%in 
% In Fuel Mixures 
File Name rjJ Pi T, CH4 C2H6 C3HS n-C4H\o Diluent 
15%C02 
Eq.Ra (bar) C C) +85%N2 
°CO.50.6 0.586365 0.501 20.4 100 0 0 0 0 
01_0.50.7 0.719884 0.499 20.4 lOO 0 0 0 0 
01_0.50.8 0.826286 0.502 20.4 lOO 0 0 0 0 
01_0.51.0 1.010127 0.5015 23.6 lOO 0 0 0 0 
01 0.51.1 1.131568 0.5 20 lOO 0 0 0 0 
01_ 0.51.2 1.209144 0.498 20 100 0 0 0 0 
01_1.00.6 0.595529 1.0045 23.6 lOO 0 0 0 0 
01 1.00.7 0.68792 0.9965 23.6 100 0 0 0 0 
01_1.00.8 0.83033 0.9995 23.2 lOO 0 0 0 0 
01_1.00.9 0.911909 0.9975 22.8 lOO 0 0 0 0 
01_1.01.0 1.002923 0.999 22.4 lOO 0 0 0 0 
01_1.01.1 1.098928 0.9975 22.8 lOO 0 0 0 0 
01 1.01.2 1.217873 0.9985 23.2 lOO 0 0 0 0 
01_1.01.3 1.30214 0.9995 23.6 100 0 0 0 0 
01_1.01.35 1.34631 1.003 20.4 lOO 0 0 0 0 
01_1.01.4 1.392909 1.005 20.1 100 0 0 0 0 
01_1.01.45 1.464882 1.007 21 lOO 0 0 0 0 
01_2.00.6 0.608842 2.001 23.1 100 0 0 0 0 
01_2.00.7 0.719496 1.997 23.1 100 0 0 0 0 
01 2.00.8 0.801332 2.001 23.1 100 0 0 0 0 
01_2.00.9 0.90991 1.999 22.8 100 0 0 0 0 
01_2.01.0 1.003478 1.997 21 100 0 0 0 0 
01_2.01.1 1.113686 2 21.5 lOO 0 0 0 0 
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01_2.01.2 1.194283 2.014 21.8 100 0 0 0 0 
01_2.01.3 1.296714 1.998 22.6 100 0 0 0 0 
01 3.00.6 0.599422 3.012 21.5 100 0 0 0 0 
01_3.00.7 0.70073 2.997 26 100 0 0 0 0 
01_3.00.8 0.806501 3.003 25.3 100 0 0 0 0 
01_3.00.9 0.902114 2.999 25 100 0 0 0 0 
01_3.01.0 1.007184 2.996 23 100 0 0 0 0 
01_3.01.1 1.106504 3.003 23.3 100 0 0 0 0 
01_3.01.2 1.20955 2.996 23.9 100 0 0 0 0 
01_3.01.3 1.307988 2.995 24.5 100 0 0 0 0 
01_4.00.6 0.602621 4.024 22.2 100 0 0 0 0 
01_ 4.00.7 0.696446 4.014 21.8 100 0 0 0 0 
01_ 4.00.8 0.809306 4.004 21 100 0 0 0 0 
01_ 4.00.9 0.905559 4.004 22.2 100 0 0 0 0 
01_ 4.01.0 1.003478 3.994 22.8 100 0 0 0 0 
01_ 4.01.1 1.10662 3.994 21.1 100 0 0 0 0 
01_ 4.01.2 1.198972 4.014 23.6 100 0 0 0 0 
01_ 4.01.3 1.28037 4.024 23 100 0 0 0 0 
01_5.00.6 0.600277 5.002 20 100 0 0 0 0 
01_5.00.7 0.692975 5.052 19.5 100 0 0 0 0 
01_5.00.8 0.790026 5.062 18.5 100 0 0 0 0 
01_5.00.9 0.902152 5.002 17.4 100 0 0 0 0 
01_5.01.0 0.990866 5.05 18.3 100 0 0 0 0 
01_5.01.1 1.088416 5.06 19.5 100 0 0 0 0 
01_5.01.2 1.182881 5.06 20.6 100 0 0 0 0 
01_5.01.3 1.303273 5.002 20.5 100 0 0 0 0 
2.2 C3HS! Air Data 
%in 
% In Fuel Mixures 
File Name 11 p; T, CH4 C2H6 C3HS n-C4HIO Diluent 
15%C02 
Eq.Ra (Bar) C C) +85%N2 
03_0.50.8 0.769645 0.512 20.9 0 0 100 0 0 
03_0.50.9 0.87289 0.51 20.8 0 0 100 0 0 
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03_0.51.0 
03_ 0.51.1 
03_ 0.51.2 
03_ 0.51.3 
03_ 0.51.4 
03_0.51.5 
03_0.51.6 
03_0.51.7 
03_0.51.8 
03_0.51.9 
03_1.00.7 
03_1.00.8 
03_1.00.9 
03_1.01.0 
03_1.01.1 
03_1.01.2 
03_1.01.3 
03_1.01.4 
03_1.01.5 
03_1.01.6 
03_1.01.7 
03_1.01.8 
03_1.01.9 
03_1.02.0 
03_2.00.7 
03_2.00.8 
03_2.00.9 
03_2.01.0 
03_2.01.1 
03_2.01.2 
03 2.01.3 
03_2.01.4 
03_2.01.5 
03_2.01.6 
03_2.01.7 
03_2.01.8 
03_2.01.9 
03_2.02.0 
- - - - - --------------
0.973837 0.51 
1.080037 0.508 
1.178222 0.51 
1.281682 0.51 
1.386 0.51 
1.491188 0.51 
1.5906 0.512 
1.690013 0.514 
1.746998 0.513 
1.846826 0.515 
0.699607 1.018 
0.799337 1.018 
0.920449 1.023 
0.98795 1.006 
1.091264 1.006 
1.19295 1.008 
1.263561 1.014 
1.409288 1.022 
1.474295 1.031 
1.564118 1.024 
1.69531 1.025 
1.743351 1.028 
1.895577 1.019 
1.958949 1.028 
0.695278 2.013 
0.789631 2.029 
0.885032 2.013 
1.01475 2.01 
1.1 09431 2.003 
1.194817 2.013 
1.306654 2.003 
1.372202 2.041 
1.519682 2.004 
1.603224 2.017 
1.69428 2.021 
1.801158 2.023 
1.90418 2.043 
1.969193 2.033 
19.4 
19.6 
19.8 
19.9 
20 
20.3 
20.5 
20.6 
19 
20.7 
18.1 
19.3 
19.1 
19 
19.3 
19.7 
19.9 
20.2 
18 
18.3 
18.5 
18.8 
19 
19.2 
23.5 
23 
22.7 
19 
20.1 
19.2 
19.7 
20.6 
21 
20.2 
21.4 
21.7 
22.1 
22.4 
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03 3.00.7 0.699582 3.019 25.7 0 0 100 0 0 
03 3.00.8 0.817369 3.019 25.5 0 0 lOO 0 0 
03 3.00.9 0.902197 3.019 25 0 0 100 0 0 
03_3.01.0 0.989658 3.013 24 0 0 100 0 0 
03_3.01.1 1.090886 3.019 20.2 0 0 lOO 0 0 
03_3.01.2 1.195025 3.019 19.7 0 0 100 0 0 
03_3.0 1.3 1.300036 3.019 21 0 0 lOO 0 0 
03_3.01.4 1.397073 3.019 22 0 0 100 0 0 
03 3.01.5 1.494862 3.019 22.4 0 0 100 0 0 
03 3.01.6 1.602407 3.019 23.2 0 0 100 0 0 
03 3.01.7 1.692728 3.019 23.5 0 0 lOO 0 0 
03_3.01.8 1.801962 3.019 24 0 0 lOO 0 0 
03_3.01.9 1.893707 3.019 24.4 0 0 100 0 0 
03_3.02.0 1.995387 3.019 24.8 0 0 100 0 0 
2.3 n-C4H lOlDiluentsl Air 
%in 
% In Fuel Mixures 
File Name ~ P, T, CH4 CZH 6 C3H S n-C4HIO Diluent 
15%C02 
Eq.Ra (bar) Cc) +85%Nz 
04_05% 0.51.0 0.9981 0.505 18.3 0 0 0 100 4.9505 
-
04_10% 0.51.0 0.9889 0.502 18.5 0 0 0 100 9.9602 
-
04_05% 1.01.0 0.9874 1.02 17.5 0 0 0 100 4.902 
-
04_10% 1.01.0 0.969 1.022 17.8 0 0 0 100 9.7847 
-
04_15% 1.0 1.0 0.9816 1.028 18.2 0 0 0 100 14.591 
-
04_20% 1.0 1.0 0.9742 1.019 18.5 0 0 0 100 19.627 
-
04_05% 2.01.0 1.0002 2.016 18.7 0 0 0 100 4.9603 
-
04_10% 2.01.0 1.0032 2.014 19.1 0 0 0 100 9.8808 
-
04_15% 2.01.0 0.9855 2.016 19.5 0 0 0 100 14.831 
-
04_20% 2.01.0 0.9766 2.034 20 0 0 0 100 19.666 
-
04_05% 3.01.0 0.9867 3.062 19.8 0 0 0 100 4.8988 
-
04_10% 3.01.0 0.9824 3.062 20.6 0 0 0 100 9.7975 
-
04_15% 3.01.0 0.9811 3.052 21 0 0 0 100 14.712 
-
04_20% 3.01.0 0.9799 3.042 23.6 0 0 0 100 19.691 
-
04_05% 4.01.0 0.997 4.012 23.9 0 0 0 100 4.985 
-
04_10% 4.01.0 1.0172 4.012 22.1 0 0 0 100 9.9452 
-
04_15% 4.01.0 0.9981 4.022 23.1 0 0 0 100 14.868 
-
04_20% 4.01.0 0.981 4.052 23.7 0 0 0 100 19.694 
-
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2.4 C3HS (25% in volnme)+ n-C4HJo (75% in volume)!Air 
%in 
% In Fuel Mixures 
File Name fJ P, T, CH4 C2H6 C3Hs n-C4H IO Diluent 
15%COz+ 
Eq.Ra (bar) Cc) 85%Nz 
27_0.50.8 0.761074 0.511 17.3 0 0 25 75 0 
27_0.50.9 0.887069 0.508 17.1 0 0 25 75 0 
27_0.51.0 0.995251 0.515 25.6 0 0 25 75 0 
27_0.51.1 1.055915 0.515 25.6 0 0 25 75 0 
27_0.51.2 1.185163 0.512 25.6 0 0 25 75 0 
27_0.51.3 1.246955 0.512 25.6 0 0 25 75 0 
27 0.51.4 1.374109 0.511 25.5 0 0 25 75 0 
27 0.51.5 1.499743 0.511 25.5 0 0 25 75 0 
27_0.51.6 1.531374 0.521 25.5 0 0 25 75 0 
27_0.51.7 1.693651 0.51 16.5 0 0 25 75 0 
27_0.51.8 1.757786 0.51 16.5 0 0 25 75 0 
27_0.51.9 1.89875 0.507 16.9 0 0 25 75 0 
27_0.52.0 1.97661 0.504 17.1 0 0 25 75 0 
27 1.00.7 0.703944 1.018 20.3 0 0 25 75 0 
27 1.00.8 0.791937 1.021 20 0 0 25 75 0 
27_1.00.9 0.873776 1.031 19.6 0 0 25 75 0 
27_1.01.0 0.975776 1.019 21.5 0 0 25 75 0 
27_1.01.1 1.103001 1.015 21.8 0 0 25 75 0 
27_1.01.2 1.173329 1.021 22 0 0 25 75 0 
27_1.01.3 1.263775 1.035 22.2 0 0 25 75 0 
27_1.01.4 1.403981 1.023 22.4 0 0 25 75 0 
27_1.01.5 1.471262 1.02 22.8 0 0 25 75 0 
27_1.01.6 1.54858 1.031 22.6 0 0 25 75 0 
27_1.01.7 1.62136 1.044 23 0 0 25 75 0 
27 1.01.8 1.743289 1.028 23.2 0 0 25 75 0 
27_1.01.9 1.858365 1.018 23.3 0 0 25 75 0 
27_1.02.0 1.951799 1.02 23.4 0 0 25 75 0 
27_2.00.7 0.694518 2.02 25.5 0 0 25 75 0 
27 2.00.8 0.781991 2.029 25.3 0 0 25 75 0 
27_2.00.9 0.889776 2.026 24.9 0 0 25 75 0 
200 
27_2.01.0 
27_2.01.1 
27 2.01.2 
27_2.01.3 
27 2.01.4 
27_2.01.5 
27_2.01.6 
27 2.01.7 
27 2.01.8 
27_2.01.9 
27_2.02.0 
27_3.00.7 
27_3.00.8 
27_3.00.9 
27_3.01.0 
27_3.01.1 
27_3.01.2 
27_3.01.3 
27_3.01.4 
27_3.01.5 
27_3.01.6 
27_3.01.7 
27_3.01.8 
27_3.01.9 
27_3.02.0 
27_ 4.00.7 
27_ 4.00.8 
27_ 4.00.9 
27_4.01.0 
27_4.01.1 
27_ 4.01.2 
27_ 4.01.3 
27_ 4.01.4 
27_ 4.01.5 
27_4.01.6 
27_4.01.7 
27_ 4.01.8 
27_ 4.01.9 
0.975281 2.039 
1.098769 2.01 
1.195249 2.006 
1.283364 2.016 
1.389772 2.022 
1.485026 2.022 
1.580876 2.022 
1.68526 2.013 
1.765125 2.032 
1.870665 2.04 
1.979756 2.013 
0.683931 3.054 
0.78691 3.044 
0.885273 3.054 
0.993695 3.034 
1.071803 3.074 
1.182094 3.054 
1.271063 3.064 
1.384511 3.044 
1.479387 3.044 
1.574855 3.044 
1.659391 3.064 
1.772187 3.054 
1.879984 3.054 
1.959915 3.064 
0.693991 4.043 
0.788571 4.063 
0.891817 4.043 
0.994005 4.034 
1.100473 4.014 
1.197735 4.004 
1.287246 4.044 
1.400658 4.014 
1.496695 4.014 
1.58500S 4.034 
1.67227 4.074 
1.791906 4.024 
1.S90676 4.023 
20.5 
21.1 
22.3 
21.S 
22.6 
23 
23.5 
23.S 
24.1 
24.4 
24.S 
25.3 
24.S 
24 
IS.I 
IS.S 
19.7 
20.3 
20.S 
21.3 
21.9 
22.5 
22.7 
23.1 
23.5 
20.4 
19.5 
IS.7 
25.5 
26.1 
26.8 
26.S 
27.4 
27.5 
27.6 
27.9 
2S 
17.3 
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Appendix 
27 4.02.0 1.984331 4.033 18.2 0 0 25 75 0 
2.5 C3HS (50% in volume)+ n-C4HlO (50% in volume)!Air 
%in 
% In Fuel Mixures 
File Name r) P, T, CH4 C2H6 C3HS n-C4Hlo Diluent 
15%C02+ 
Eq.Ra (bar) Cc) 85%N2 
55 0.51.0 1.013704 0.504 19.6 0 0 50 50 0 
55 0.51.1 1.09931 0.505 19.7 0 0 50 50 0 
55 0.51.2 1.219596 0.504 20 0 0 50 50 0 
55_ 0.51.3 1.308753 0.504 20.1 0 0 50 50 0 
55 0.51.4 1.374226 0.502 20.3 0 0 50 50 0 
55 0.51.5 1.495 0.502 20.4 0 0 50 50 0 
55 0.51.6 1.61 0.504 20.5 0 0 50 50 0 
55 0.51.7 1.678076 0.502 20.7 0 0 50 50 0 
55 0.51.8 1.790021 0.505 20.7 0 0 50 50 0 
55 0.51.9 1.929936 0.501 20.8 0 0 50 50 0 
55 0.52.0 1.988419 0.502 21 0 0 50 50 0 
55_1.00.7 0.68425 1.025 22.6 0 0 50 50 0 
55_1.00.8 0.770986 1.022 22.5 0 0 50 50 0 
55_1.00.9 0.885581 1.021 22.5 0 0 50 50 0 
55_1.01.0 0.970567 1.022 21 0 0 50 50 0 
55_1.01.1 1.088018 1.007 23.2 0 0 50 50 0 
55 1.01.2 1.175399 1.02 21.4 0 0 50 50 0 
55 1.01.3 1.26713 1.017 21.6 0 0 50 50 0 
55 1.01.4 1.382608 1.019 21.8 0 0 50 50 0 
55 1.01.5 1.473333 1.018 22 0 0 50 50 0 
55_1.01.6 1.556722 1.022 22.1 0 0 50 50 0 
55_1.01.7 1.680364 1.02 22.2 0 0 50 50 0 
55_1.01.8 1.771336 1.02 22.3 0 0 50 50 0 
55_1.01.9 1.86288 1.02 22.4 0 0 50 50 0 
55 1.02.0 1.955 1.02 22.5 0 0 50 50 0 
55_2.00.7 0.699642 2.006 19.2 0 0 50 50 0 
55_2.00.8 0.800457 2.006 18.8 0 0 50 50 0 
55 2.00.9 0.90386 2.002 18.1 0 0 50 50 0 
202 
55 2.01.0 
55 2.01.1 
55 2.01.2 
55 2.01.3 
55 2.01.4 
55 2.01.5 
55 2.01.6 
55 2.01.7 
55 2.01.8 
55 2.01.9 
55 2.02.0 
55 3.00.7 
55 3.00.8 
55 3.00.9 
55 3.01.0 
55_3.01.1 
55 3.01.2 
55 3.01.3 
55 3.01.4 
55 3.01.5 
55 3.01.6 
55 3.01.7 
55 3.01.8 
55 3.01.9 
55 3.02.0 
55_ 4.00.8 
55 4.00.9 
55 4.01.0 
55 4.01.1 
55 4.01.2 
55 4.01.3 
55 4.01.4 
55 4.01.5 
55 4.01.6 
55 4.01.7 
55 4.01.8 
55 4.01.9 
55 4.02.0 
1.000654 2.013 
1.08858 2.013 
1.194327 2.009 
1.299932 2.007 
1.373456 2.03 
1.477923 2.03 
1.591446 2.02 
1.683644 2.019 
I. 744306 2.053 
1.882593 2.02 
1.965322 2.03 
0.690929 3.046 
0.785697 3.046 
0.896765 3.026 
0.983464 3.056 
1.076244 3.066 
1.185093 3.036 
1.292472 3.016 
1.382706 3.036 
1.477412 3.046 
1.583073 3.036 
1.684308 3.036 
1.776026 3.036 
1.878617 3.036 
1.96115 3.066 
0.786732 4.08 
0.888318 4.04 
0.984733 4.06 
1.089178 4.05 
1.196814 4.01 
1.277126 4.06 
1.380893 4.06 
1.48177 4.05 
1.579726 4.05 
1.678349 4.05 
1.777647 4.05 
1.877625 4.05 
1.960147 4.07 
22.7 
23 
23.1 
23.5 
23.8 
24 
24.1 
24.4 
24.6 
24.8 
24.9 
27.4 
27.1 
26.8 
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26 
26.4 
27.6 
27 
20.4 
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21.3 
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22.8 
23.5 
24.4 
25.1 
25.8 
26.2 
26.7 
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Appendix 
2.6 e,HS (75% in vo!ume)+ n-C.H10 (25% in vo!ume)!Air 
%in 
% In Fuel Mixures 
File Name rjJ P, T, CH. C2H6 C3HS n-C.H1O Diluent 
15%C02+ 
Eq.Ra (bar) CC) 85%N2 
72_0.50.9 0.880455 0.511 22.7 0 0 75 25 0 
72_0.51.0 0.9941 0.508 22.2 0 0 75 25 0 
72_ 0.51.1 1.0965 0.511 22.1 0 0 75 25 0 
72_0.51.2 1.213309 0.508 22.3 0 0 75 25 0 
72_0.51.3 1.260862 0.511 22.4 0 0 75 25 0 
72_0.51.4 1.380104 0.508 22.5 0 0 75 25 0 
72_0.51.5 1.483188 0.511 22.6 0 0 75 25 0 
72_0.51.6 1.548987 0.508 22.6 0 0 75 25 0 
72_1.00.7 0.704893 1.007 21.9 0 0 75 25 0 
72_1.00.8 0.787231 1.005 21.8 0 0 75 25 0 
72_1.0 0.9 0.891281 1.01 21.6 0 0 75 25 0 
72_1.0 1.0 0.996137 1.014 19.1 0 0 75 25 0 
72_1.0 1.1 1.079203 1.013 19.4 0 0 75 25 0 
72_1.0 1.2 1.189385 1.013 19.8 0 0 75 25 0 
72_1.0 1.3 1.307263 1.008 20.1 0 0 75 25 0 
72_1.0 1.4 1.396034 1.005 20.4 0 0 75 25 0 
72_1.01.5 1.506583 1.007 20.6 0 0 75 25 0 
72_1.0 1.6 1.582301 1.013 20.8 0 0 75 25 0 
72_1.01.7 1.662757 1.016 21 0 0 75 25 0 
72_1.01.8 1.77375 1.018 21.2 0 0 75 25 0 
72_1.0 1.9 1.880048 1.008 21.3 0 0 75 25 0 
72_1.02.0 1.989036 1.012 21.5 0 0 75 25 0 
72_2.00.7 0.685197 2.032 22.7 0 0 75 25 0 
72_2.00.8 0.807262 2.027 22.5 0 0 75 25 0 
72_2.00.9 0.888096 2.027 22.1 0 0 75 25 0 
72_2.01.0 0.997855 1.998 17.7 0 0 75 25 0 
72_2.01.1 1.095181 2.022 18.4 0 0 75 25 0 
72_2.01.2 1.188771 2.027 18.9 0 0 75 25 0 
72_2.01.3 1.285878 2.027 19.3 0 0 75 25 0 
72_2.01.4 1.39311 2.014 19.7 0 0 75 25 0 
204 
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72_2.01.5 1.489997 2.017 20.2 0 0 75 25 0 
72_2.01.6 1.569142 2.042 20.6 0 0 75 25 0 
72_2.01.7 1.690341 2.017 20.9 0 0 75 25 0 
72_2.01.8 1.791629 2.017 21.2 0 0 75 25 0 
72_2.01.9 I. 890651 2.02 21.5 0 0 75 25 0 
72_2.02.0 1.965991 2.032 21.8 0 0 75 25 0 
72_3.00.7 0.697614 3.014 24.4 0 0 75 25 0 
72_3.00.8 0.78843 3.044 24 0 0 75 25 0 
72_3.00.9 0.884035 3.054 23.5 0 0 75 25 0 
72_3.01.0 0.997277 3.012 22.7 0 0 75 25 0 
72_3.01.1 1.094734 3.022 23.1 0 0 75 25 0 
72_3.01.2 1.188158 3.042 23.9 0 0 75 25 0 
72_3.01.3 1.289477 3.022 24.5 0 0 75 25 0 
72_3.01.4 1.368745 3.072 25 0 0 75 25 0 
72_3.01.5 1.475716 3.044 19.8 0 0 75 25 0 
72_3.01.6 1.58507 3.034 20.8 0 0 75 25 0 
72_3.01.7 1.680504 3.034 21.5 0 0 75 25 0 
72_3.01.8 1.764174 3.054 22 0 0 75 25 0 
72_3.01.9 1.876474 3.044 22.4 0 0 75 25 0 
72_3.02.0 1.987716 3.024 23.1 0 0 75 25 0 
72_4.00.8 0.774918 4.15 26.4 0 0 75 25 0 
72_4.00.9 0.900507 4 25.6 0 0 75 25 0 
72_ 4.01.0 0.997505 4.024 24.6 0 0 75 25 0 
72_4.01.1 1.091115 4.034 25.6 0 0 75 25 0 
72_ 4.01.2 1.17882 4.064 26.3 0 0 75 25 0 
72_4.01.4 1.390925 4.034 27 0 0 75 25 0 
72_ 4.01.3 1.300705 4.01 20.3 0 0 75 25 0 
72_ 4.01.5 1.48377 4.05 21.3 0 0 75 25 0 
72_4.01.6 1.587292 4.04 22.3 0 0 75 25 0 
72_ 4.01.7 1.683224 4.05 23.1 0 0 75 25 0 
72_4.01.8 1.781534 4.04 23.8 0 0 75 25 0 
72_ 4.01.9 1.890651 4.04 24.5 0 0 75 25 0 
72_ 4.02.0 1.99453 4.01 25.1 0 0 75 25 0 
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2.7 C3Hs/Diluents/Air 
%in 
% In Fuel Mixures 
File Name ~ Pi T, CH4 CZH6 C3Hs n-C4HIO Diluents 
15%C02+ 
Eq.Ra (bar) C C) 85%N2 
305 0.51.0 0.9580508 0.517 23.3 0 0 100 0 5.029013 
310 0.51.0 0.9541202 0.517 23.3 0 0 100 0 9.671179 
315 0.51.0 0.9542452 0.517 23.3 0 0 100 0 14.70019 
305 1.01.0 0.9703862 1.02 21.6 0 0 100 0 4.901960 
310 1.01.0 0.9659526 1.023 21.8 0 0 100 0 9.775171 
315 1.01.0 0.9714285 1.017 21.9 0 0 100 0 14.74926 
320 1.01.0 0.9591939 1.026 22.1 0 0 100 0 19.49317 
305 2.01.0 0.9954372 2.018 22.2 0 0 100 0 4.955401 
310 2.01.0 0.9950744 2.018 22.5 0 0 100 0 9.861248 
315 2.01.0 0.9910681 2.025 22.9 0 0 100 0 14.76543 
320 2.01.0 0.9878671 2.033 23.1 0 0 100 0 19.77373 
305 3.01.0 0.97855 3.062 21.6 0 0 100 0 4.8988 
310 3.01.0 0.9924254 3.023 19.9 0 0 100 0 9.923916 
315 3.01.0 0.9884677 3.033 20.6 0 0 100 0 14.83679 
320 3.01.0 0.9810218 3.023 21 0 0 100 0 19.78167 
305 4.01.0 0.9778195 4.077 23.3 0 0 100 0 4.905567 
310 4.01.0 0.9740333 4.087 24.1 0 0 100 0 9.762662 
315 4.01.0 0.9807106 4.087 24.7 0 0 100 0 14.68069 
320 4.01.0 0.9660792 4.107 25.4 0 0 100 0 19.47893 
%in 
% In Fuel Mixures 
File Name ~ P, T, CH4 CZH6 C3HS n-C4HIO Diluents 
15%C02+ 
Eq.Ra (bar) C C) 85%N2 
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405 0.51.0 0.9980645 0.505 18.3 0 0 0 100 4.950495 
410 0.51.0 0.9889497 0.502 18.5 0 0 0 100 9.960159 
405_1.01.0 0.9874468 1.02 17.5 0 0 0 100 4.901960 
410_1.01.0 0.9690380 1.022 17.8 0 0 0 100 9.784735 
415_1.01.0 0.9816451 1.028 18.2 0 0 0 100 14.59143 
420_1.01.0 0.9741813 1.019 18.5 0 0 0 100 19.62708 
405_2.01.0 1.0002155 2.016 18.7 0 0 0 100 4.960317 
410_2.01.0 1.0031740 2.014 19.1 0 0 0 100 9.880834 
415 2.01.0 0.9854687 2.016 19.5 0 0 0 100 14.83134 
420 2.01.0 0.9766414 2.034 20 0 0 0 100 19.66568 
405_3.01.0 0.9867469 3.062 19.8 0 0 0 100 4.898758 
410_3.01.0 0.9824056 3.062 20.6 0 0 0 100 9.797517 
415_3.01.0 0.9810543 3.052 21 0 0 0 100 14.71166 
420_3.01.0 0.9799408 3.042 23.6 0 0 0 100 19.69099 
405 4.01.0 0.9969834 4.012 23.9 0 0 0 100 4.985044 
410 4.01.0 1.0171812 4.012 22.1 0 0 0 100 9.945164 
415 4.01.0 0.9980645 4.022 23.1 0 0 0 100 14.86822 
420 4.01.0 0.9809765 4.052 23.7 0 0 0 100 19.69397 
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